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ABSTRACT
The synthesis of palladocycles containing trans and 
cis C-metal anionic sigma bonds has been accomplished.
The trans ligands were prepared from 2, 6 -b i s (chloro- 
methyl)pyridine and alkyl malonates by a base catalyzed 
Sjfl2 reaction. This cis-ligands were formed by a 
similar reaction but using 6 ,6 '-bis(chloromethyl)-2 ,2 '- 
dipyridine as starting halide. The synthesis of the 
latter chloro compound is discussed in detail. The trans 
complexes were prepared by base mediated cyclometallation 
on PdCl 2 (PhCN) 2 in aqueous ethanol with added 
pyridine. This cis metallocycles were formed by a similar 
displacement reaction on PdCl 2 in acetonitrile but 
using a heterogeneous base (K2 CO 3 ) and a stoichio­
metric amount of AgNC>3 .
Full experimental detail is presented including 
and NMR, IR, MS, and X-ray analysis of the
trans and cis-complexes. The NMR revealed a 
stereochemical dissymmetry about a metal-containing 
prochiral center demonstrating the non-equivalence of the 
ri and si faces. chemical shifts were found to
correlate with bond angles about the metallocyclic ring. 
X-ray analysis revealed some interesting modes of 
distortion for both the core metal and the carbon 
framework in trans and especially in the highly strained
XV
5*5-5 cis systems. A new and unique six-membered pallado- 
cycle has been prepared and shown to have favorable 
geometries about the metallocyclic ring in sharp contrast 
to the expectations of most researchers.
xvi
1 • INTRODUCTION
The study of organometallic intramolecular 
coordination compounds has experienced rapid growth 
throughout the last decade. These complexes usually 
consist of an electron pair coordinate donor Y , which is 
connected by a bridge of varying length to either a sigma 
or pi-bonded carbon donor. Numerous reviews have 
appeared, that deal with this type of cyclometallated
complex in which Y could be N, P, As, O, S, or 
C=C.1“ 10 In general, (1) the ring size can vary from 
three to seven with five-membered rings being the norm. 
(2) The most common central metals are the precious 
metals, although other transition metals are known to 
cyclometallate. (3) The carbon donor is typically
associated with an aromatic ring.
The enhanced interest in such organometallics stems 
from several avenues. The novelty of cyclic systems 
containing a metal ion and the longstanding curiosity 
about the characteristics of carbon-metal bonds are 
currently the major driving forces that stimulate 
research in this area. The more recent interest in
transition metal mediated organic synthesis and catalysis 
has also sparked many new challenging directions which can 
motivate industrial research in these critical energy 
intensive times.
Because of the rapid growth in the field of cyclo- 
metallation, this review will be limited to metallocyclic 
complexes which have: (a) a carbon (C)-donor that is not
part of a benzene ring, (b) the coordinate heteroatom is 
nitrogen, and (c) the central metal is a precious metal.
In 1979, Omae comprehensively reviewed the area of carbon 
metallocyclic c o m p l e x e s . ^ This review will present 
only literature from 1978 to the present and will 
emphasize work on sigma C-donors having sp^ 
hybridization. Complexes of this type have only recently 
emerged in light of their unique properties. Complexes 
with nitrogen and phenyl ring donor (Arsp^) comprise 
such a large class, a separate review would be required to 
tackle that series. Comprehensive tables of spectral and 
X-ray data will be presented so that the spectral 
characteristics and solid state geometry of each 
particular class of complex can be compared. Finally, a 
synopsis of the reactions of cyclometallated complexes 
will be presented.
3I I . SYNTHESIS.
A . Sigma Bonded Complexes. 1. Alkyl (sp3 ) Carbon 
Donors.
Holton and Kjonaas "have synthesized five-membered 
palladocycles by direct displacement on palladium 
reagents, e.g. L i 2 PdCl 4 » Typically, the homo- 
allylic amine is first treated with the divalent 
palladium salt to form the proported pi-bonded intermedi­
ate 2^. Conversion of the pi to sigma bond is completed by 
attack of a -dicarbonyl sodio salt on the coordinated 
double bond at 25°C for 1 hr, to afford (>90%) the desired 
dimeric metallocycle j3. Other pi-bonded complexes 
have been transformed to a-bonded m e t a l l o c y c l e s . 
Dichloro(2, 2,N,N-tetramethyl-3-buten-l-amine)palladium (4^ ) 
was treated with methanol under mildly basic conditions to 
give three /z-chloro bridged dimeric five-membered 
complexes 5,6, and 1_. The mechanism is speculative; 
however, the overall yield of products is good (>70%) with 
(5 predominating (50%). Treatment of aldehyde (3 with
4-dimethylaminopyridine gives monomer £3.13
Li.PdCl
4M<
MeOH
NM e2 IMe2
N Cl 
/ \
Me Me
5.. R=He
6.. R=CHO 
Jj R»CO,Me
8 R-CHO
A highly unusual seven-membered ring palladocycle has 
been prepared by McCrindle, et al. by the treatment of 
PdX 2 (PhCN) 2 with H 2 C=CHCH 2 C (CH3 )- 
C H 2NMe 2 to give the related dimer 9_. Complex 9^ 
would not lend itself to X-ray analysis, but the 
NMR spectrum showed a highly coupled signal at 8 3.99, 
which verified j) rather than the alternative six-membered 
isomer 13^ . Complex 9_, when treated with a good Lewis 
base, e.g. pyridine, triphenylphosphine or methyldiphen- 
ylphosphine, gave palladocycle 3X3.14 Th'e platinum 
complex 12_ has been prepared by an unusual oxidation of 
cycloplatinated 2 -vinyl- pyridine; however, trans- 
[PtBr2 [2-(CH2 BrCHBr)py]- (PEt3 )],
[PtBr 3 [2-(CH2 CHBr)py]PEt3] or trans- 
[PtBr,4.[2 -( CH 2 C0)py] (PEt3 ) ] , failed to give 
3^2.15 The oxime of tert-butyl phenyl ketone 
(Z-isomer), when treated with N a 2 PdCl 4 ~NaOAc, 
cyclometallates on the tert-butyl group, to give 1 3 . 
Pinacolone and ethyl tert-butyl ketone oximes similarly 
cyclometallate to form 14^  and _15, respectively, in high 
yield. 0-Alkyl ethers also undergo metallation with
5with facile nucleophilic addition to the double bond. 
Thus, 16^  smoothly reacted with N a 2 PdCl 4 ~NaOAc in 
protic solvent to afford 11_; in contrast however, 
pinacolone N,N_-dimethylhydrazone 1J3, palladates the 
g-methyl group by using the terminal sp^-N, as the 
coordinate donor of 19.16*17
Hi
Nn ,
Me
9 10
Br. l.+H20
2.- H_
J&f
Br— P t ^
Br
PEts
M ^ M e  Me .M e
■,-N Na2Pdci^  p'NN_O '1'
NaOAc
16
II MeOH
CH20Me
17
6NaOAc tbu'
18 19
The pi-bonded cis fcis-[Pt 2 Cl 4.(PMe2 Ph) 2“
(/1-C 4 H 6 )] complex (2C0 has been converted (87%) on 
treatment with dimethylamine in CH 2 CI 2 to a fused 
five-membered ring chelate 21_, in which the two platinum 
atoms possess a trans c o n f i g u r a t i o n . ^
PPhMe2
Cl— Pt—II Cl Me-m C^ P < 2 ^ \
- P t - C I CH2C12 *  Me2^ — 2 T ^ M e 2 
«PPhMe2 Me2PhP
Cl
20
a, (3 -Unsaturated amides with Ni(cod ) 2 (cod=l,4- 
cyclooctadiene) in the presence of bulky P-ligands, have 
been converted into nickelocycles. Thus, acrylamides were 
smoothly converted (ca. 65%) to metallocycles 22^  at 25°C 
in THF. These complexes are envisioned to be derived from 
pi-bonded intermediates, which can be isolated and 
characterized in selected cases. Complex 22 can be 
isomerized with its pi-bonded precursor upon thermolysis 
(80°C).19'20 /3 , y-Unsaturated amides can be treated
7with Ni(cod ) 2 to give six-membered nickelocycles 
23. 21
kte We
O ^ l ^ N R H  N i( c o d ) 2 ^ " 1
r J * !ss d ip h o s ,  TH?
Me Me
22
Me,Me
Y h* . .b J y )
d ip h o s  ,THF J ^ P " M e
Me
23
ji-Chloro bridged complexes have been converted to 
novel dioxygen bridged complexes via anion exchange; thus, 
complex 24 with potassium superoxide in anhydrous 
C H 2 CI 2 under an inert atmosphere quantitatively 
gave 25_. Upon treatment of _2f5 with alcohols, thiols, 
protic amines, acac, malonate, and acetic acid, new 
bridged complexes 26^  and H 2 O 2 were generated; the 
complex did not react with olefins suggesting the bridging 
dioxygen is coordinated as and is a strong
base.22,23
25
A cA c, 
m a lo n a te
Me Me
5, 5-Dimethylsulfonium 2-picolinylmethylide (2J7) has 
been shown to cyclometallate with PtCl 2 (SMe2 ) 2  
in CH 2 CI 2 to give 28 in low yield (1 7 %).24
Upon standing, a ligand exchange occurred to give rise to 
complex 29_, resulting from C-S^-bond fission. Similarly, 
the N-ylide 2K) reacts with PtCl 2 (SMe2 ) to form 3 1 ; 
subsequently, proton elimination from 31_, upon addition of 
ethylene diamine and crystallization with perchlorate, 
gave cationic complex 32_, which possesses an unusual 
tricoordinate carbon atom stabilized by contribution from 
the carbonyl group in an "enolate like" structure. The 
coordinated C-carbonyl C-bond length is short [1.39(2)A] 
while C=0 bond distance is long [1.30(1)A] indicating 
delocalization of electrons from the ylide C atom to the
carbonyl g r o u p . 25,26
9PtCl2(SMe2)^
SMe,
27
Q y >
Cl PI \ c i  
Cl ii
SMe?
Cl
SMe. 29
PtCl2(SMe2)^
iyMez
u  NaCIO,
pyMe2 H?N 'I
Stable complexes derived from ligands containing 
acidic hydrogens have been prepared. An ethanolic 
solution of pyridine derivative ^3 was stirred with 
K 2 PdCl4 , aqueous KOH and pyridine to afford 3>4 in 
overall good yield. 27, 28 rp^ e monodentate ligand was 
exchanged to form various mono- and dinuclear 
c o m p l e x e s . 29 other complexes possessing trans C-metal
KOH
P y r id in e
•R
33
34
bonds in both five-29 an(j .si x - 2 1  merribered chelates 
have been prepared as depicted in structures 3_5 and 36 .
10
Interestingly, these complexes are not ^-bridged dinuclear 
species as is commonly the case. Analogous complexes having 
cis geometry have been prepared from dipyridine derivatives; 
thus, _37 with L i 2 PdCl4  in anhydrous C H 3 CN gave 
the stable intermediate 3_8, which can be isolated and 
characterized. Complex ^ 8  gave initially _39, upon treatment 
with K 2 CO 3 (anh.)/CH3 CN, which was also
structurally characterized. Finally 3*9 is transformed, 
quantitatively to 4£ via AgNOg/f^CC^. 32, 33a 
If excess Pd salts were used in the procedure 
dichlorodioxazole palladium^Ob was isolated even when 
the reagents and solvents were oxygen free. The oxazole 
complex was also prepared in the absence of pyridine ligands 
but K 2 CO 3 was found to be necessary to oxazole 
formation. 33k
PdCl.
R
R
LV dC1* )
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Bis-2-pyridyl ketone derivative 41_ cyclometallates with 
PdCl 2 (PhCN) 2 in THF (anh.)/NaOEt to give the 5*6*5- 
fused system 42_, similar to 40, in low (15%) yield. 33
Pd— N.
PdCl
K,C0.
Unsymmetrical dipyridine derivatives gave mono-metal- 
lated complexes, e.g. 43 as do symmetrical 1,10-phenan- 
throline d e r i v a t e s . 3 3  The 1,10-phenanthrolines are 
potentially tetradentate, however only the tridentate 
monometallated complexes j44 have yet been isolated due, in 
part, to the rigid backbone of the heteroaromatic moiety 
precluding ligand distortions necessary to accomodate tetra- 
coordination to the core metal. The potential 6*5*6 -ligand 
system has been prepared with only the mono-metallated 
45 and 4Ci, as yet isolated. 34 These complexes, which 
utilize a stabilized carbanion to coordinate the core metal, 
are among the most stable metallocycles yet reported. A
combination of the steric bulk and the electronegativity of 
the jQ-di- carbonyl units help to stabilize the C-metal 
bond.
o Pd-N.
R
PdCl,
OTO
O P d -N .
R
2. Benzyl (sp^) Carbon Donors
Bridged dinuclear o-methylenebenzonitrile palladium 
complexes 4_7 undergo nucleophilic attack at the cyano carbon 
tc give (90%) the six-membered complexes 48. Alcohols, 
thiols, and amines all add smoothly in acetone or neat at 
35-50°C. The mononuclear precursor to 4_7 undergoes 
azide-chloride displacement to give 4j) which upon 
thermolysis gives via 1 ,3-intramolecular cycloaddition of 
the azide moiety on the cyano group.35,36 (n,N-
Dimethylamino)toluene reacts with Pd(0 A c ) 2 in AcOH at 
50°C to afford (80%) cyclometallated complex 51_. Standard 
bridge cleavage reactions occur with Ph 3 P or pyridine as 
well as metathesis to the /i-chloro bridged derivative by 
reaction with LiCl.37,38
r X / c ^ ^ c N v  K  ( S r ^ \
kp'NcC 6H4CH/ ^ 5 Bf4"
MeOH
8 -Methylquinoline has been cyclometallated and studied 
extensively by several groups, most noteably P f e f f e r ^  
and Deeming. 40-42 palladium complex J32 gave by
metallic anion-halogen exchange a new dinuclear species 53, 
which is unstable in solution but stable in the solid state. 
X-ray analysis has shown that the metal-metal bond is very 
long and appears to be ionic, which may explain the rapid
exchange with coordinating anions such as C l  i o n . 3 9
M=Mo (CO)3 ( CsH3 ) 
Co(CO)4 
Fe(CO)3NO
Pd— (M)
52 l  )
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Deeming and Rothwell have conducted an excellent study
the 2 -carboxaldehyde-N-methylimine derivative j34, which has
In general, simple 8 -methylquinoline readily metallates with 
Pd, R h , and Ir to give complexes analogous to 53, whereas 
the 8 -ethyl homolog does not readily metallate and with 
8 -isopropyl no cyclometallation occurred. The 2-carbox- 
aldehyde-N-methyl imine derivative _54 metallates mainly at 
the electron-deficient ring, 3-carbon site with these metal 
salts. The 8 -ethyl- and 8 -isopropyl-quinoline-2-carbox- 
aldehyde-N-methyl imine gives exclusive C-3 metallation.
Only with Pd(0 A c ) 2 does 34 give 8 -methyl metallation 
(sp^ type). Evidence was presented that 8 -methyl 
metallation must occur when this moiety is in the 
coordination plane and thus it was hypothesized that the 
palladium is tricoordinate when the C-metal bond is 
formed . 4 2
of 2 -substituted-8 -alkylquinolines,4® particularly
been previously cyclometallated with Pd, R h , and Ir.4^
15
■Me u.Pdci
Me 5 u 55
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Sokolov, et al. have synthesized an optically active 
form of cyclopalladated 8 -ethylquinoline 5_7 via chiral 
organomercurial j>6 , which was prepared (6 8 %) by treatment of 
the "benzylic" bromide with metallic mercury. The resultant 
racemic modification was resolved by recrystallization of 
the diasteriomeric camphorsulphonate salts. Optically pure 
(-)-56 reacted with Pd(0) reagents, e.g. Pd(PPh 3 ) 4  
and Pd 2 (dba) 3 in benzene to give optically active 
( + )-palladium complexes 5_7 and J58 in 79% and 81% yield, > 
respectively. Whether the path to _57_ and ^ 8  occurs with 
retention or inversion of configuration was still under 
investigation but any asymmetric induction in the palladium 
complexes was thought to occur via the C-Pd-HgBr inter­
mediate rather than the C-Hg-PdBr species. Dinuclear 5J3 
was converted readily to 5J7 upon addition of triphenyl- 
phosphine.^3
2
16
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3. Alkenyl (sp2 ) Carbon Donors.
2-Vinylpyridine reacts with [Rl^X^- 
(PBU3 ) ] 4  to afford (40-90%) the cr-bonded
five-membered complex 59_. The metallation was unselective 
for either the E or Z isomer of /3-substituted 2-vinyl- 
pyridines suggesting that the reaction proceeds via a 
carbocation intermediate followed by deprotonation. Only 
the halide trans to carbon could be readily exchanged. 
Bromine reacted with 5^ 9 (r!,r2=H; X=Br) to give an 
unusual substitution product _59 (R1 =Br, r2=h.) 
instead of normal B r 2 addition across the double 
bond . 4 4  When diphenylacetylene, phenylisocyanate, and 
Ni(cod ) 2 were stirred in THF with TMEDA, an interesting 
cyclization ensued to form the five-membered complex
Ph-C=C-Ph 
+
Ph-N«O0 TMEDA
60
Alkenyl carbons can be metallated by insertion into 
existing cyciometallated complexes. Thus, complexes like 
those shown below can react with activated alkynes to form 
new and unusual metallocycles 61 -65. The fi -bridges can be 
cleaved in excellent yield by addition of pyridine or 
triphenylphosphine^ in a sealed tube with 
C H 2 C I 2 , toluene, or benzene, as solvent. Similarly, 
di- fx -chloro-bis (N,N-dimethylbenzy 1 amine-2-C ,N )dipal- 
ladium(II) (6 6 )^, upon treatment with styrene in benzene with 
catalytic acetic acid at 50°C, gave (18%) the unexpected 
alkenyl complex 6_7. Addition of sodium or lithium 
perchlorate caused a marked acceleration, the reaction 
( ^ —►6^7) was complete within 1 h o u r .  47 Further, complex 
6 6  upon treatment with isocyanides smoothly afforded (80+%) 
6 8  in less than an hour. Heating of 6£3 in THF caused 
rearrangement to (S9 which upon addition of isocyanide gave 
the monomer 10_. The yield is, however, diminished (<10%) in 
the case of tert-butylisocyanide.48 isocyanides also 
readily insert into 2-pyridyl bridged dinuclear complex T.1 
to generate five-membered bis-imine 72!^ at 25°C.49
1 8
62
CF,
/\ < 
Me Me
F,C-CeC-CF.
'd — : p c r
64
^-CFS 
CF. i
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CNRRNC
NMe.
CNR
P d -C I,
NMez
70
RNC
66
The homologated analog T3_ reacted with carbon monoxide 
in THF at 25°C to give (47%) the acyl complex 74.5° 
8 -Formylquinoline 7_5 underwent a smooth reaction with 
RhCl(PPh 3 ) 3 in CH 2 C1 2 to afford (95%) the
acyl rhodium (III ) hydride complex 7^6, which quantitatively
gave 7_7 upon treatment with AgBF 4  in
toluene-CH 2 Cl 2 at 0°C. Complex 7_7 is a remarkably
stable, coordinatively unsaturated Rh(lII) complex and is
suggested as a model for Rh(III) intermediates, which lead
to hydroacylation of terminal a l k e n e s . ^ l  in addition to
C-H bond insertion, facile C-C bond insertion occurs as well,
whereby alkyne 7_8 with RhCl(PPh 3 ) 3  in CH 2 C1 2
at 25°C gave quantitatively acylrhodium(III) complex 7 9 .
The analogous ketonic olefin did not undergo the aryl C-C 
insertion . ^ 2
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The Pt(II) allene complexes 80 have been aminated with 
loss of HC1 to form unusual four-membered complexes 81_ and 
subsequent treatment with CO in benzene at 25°C generated 
(1 0 0 %) the five-membered acyl complex 82.53
80 81 82.
d (X“S ,Y”CH ,M=RhPbu Cl) 
e (X=CH,Y=S,M=Pd) 
f (X=CH,Y=S,M-RhPbu3Cl)
4. Thienyl and Ferrocenyl (sp^ ) Carbon Donors.
2-(2'-Thienyl)- (83a) and 2-(3‘-thienyl)pyridine (83b ) 
have been cyclometallated with I r ( I I I ) , 5 4  pd(II),
Rh(III), and Ru(II) The dinuclear complexes 84a-f 
are formed under moderate conditions (refluxing MeOH, glyme 
or xylene) and can be transformed into corresponding mono­
nuclear species when subjected to either pyridine or 
tributylphosphine. Ligands 83a & b undergo cyclometallation 
in a manner analogous to that of 2 -phenyl-pyridine except 
that 83b did not metallate with Ru(II) and was not reacted 
with Ir(III). 2-Acetyl-thiophene acetylhydrazone £5_ has 
been smoothly cyclopalladated under mild conditions (25°C) 
to afford (70%) complex 8(5.56 Though C-2 metallation on 
thiophene had been commonly observed,56 facile C-3
ie T o X 1
NaOAc
metallation was more interesting. Initial N,O-chelation was 
rationalized, subsequently the stable intermediate was 
favorable for metallation. Imine derivatives of 3-acetyl- 
thiophene also form stable £,N-chelates £37 and 8£3, similar 
to 8 6 ^ however exclusive C-2 metallation occurs upon 
treatment with L i 2 PdCl 4  in protic solvent; no C-4 
metallation was o b s e r v e d . ^  The 2-pyridylhydrazone
Cl
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—ci
90_ b (X=CH,R-=Me)
89a cyclopalladates in an analogous fashion to £37 to give a 
tridentate complex 90a with the pyridine nitrogen acting as 
a coordinate donor.5® in contrast imine 89b with 
PdCl 2 (PhCN) 2 in dry benzene afforded 90b, though C-4 
metallation was proposed, lack of decisive spectroscopic 
evidence (low solubility prevented •'•H NMR analysis) and 
no crystal data leaves the assignment currently tenuous. C- 
2 Metallation in thiophene appears more likely in view of 
the results for 89a and 90a.^9
Chiral l-(dimethylamino)ethylferrocene 91^  has been 
cyclopalladated in methanol to give (84%) a mixture of two
'Me NaAcAc
NaOAc
(+) 91 92 £3 94
diastereomers (-)-92, the major isomer, and dimer 9 3 . 
Stereoselectivity for direct palladation of 91_ was found to 
be 70%, while for ortho-lithiation stereoselectivity was 
ascertained to be 92%. 60,61 rp^e dinuclear species (92 
or 93^ ) with sodioacetylacetonate (NaAcAc) gave the 
mononuclear complex 9j4. The enantiomeric deuterated 
derivative 95_ was cyclopalladated under similar
D  NaOAc ^  ^
95 24
conditions; in contrast to 91_, only 1% asymmetric induction 
was observed! The difference in stereoselectivity to 
palladation was attributed to the steric preference of the 
methyl group in 91_ to remain exo to the ferrocenyl moiety in 
the transition state.^2 Racemic dimethylaminomethyl- 
ferrocene has been cyclopalladated with N a 2 PdCl 4  in 
the presence of an optically active carboxylate salt; planar 
chirality was successfully induced suggesting that the 
carboxylate was intimately associated with the transition 
state during cyclometallation.63 [3]-ferrocenophane
97 cyclopalladates in the presence of the sodium salt of 
N-acetyl-D- or -L-leucine to afford metallocycle j^ 8 , which 
has both central and planar chirality.64
97 98
Na.PdCl
NaOAc
Me 100 Me Me
Ferrocene has also been cyclometallated on both sides of the 
sandwich. Ferrocene derivative 9_9 was treated with 
N a 2 PdCl4 /NaOAc in methanol to afford (93% overall) 
both dl- 100 and meso 101. The coordinating carbonyl oxygen 
in 1 0 0  and 1 0 1  can be easily displaced by the better phos- 
phine d o n o r s . ^5 Cyclopalladated ferrocene 102 has been 
resolved by fi-chloro bridge cleavage with the potassium 
salt of (S^)-proline. The resultant diastereomeric mixture 
103 is subsequently resolved by selective 
crystallization . ^ 6
( s ) - p r o l i n e
102 (-) 103 (+)
26
The related ruthenocene 104 and [ 77 - (dimethy lamino- 
methyl)-cyclopentadienyl]tetraphenyl-cyclobutadiene- 
c o b a l t ( I ) 6 8  (10 5 ) have also been cyclopalladated under 
analogous conditions^ to afford 106 and 107, 
respectively. Both 106 and 107 undergo typical bridge 
fragmentation with phosphine donors.
B . Pi-bonded Complexes.
The pi-complex dichloro-o-vinyl-N,N-dimethylaniline- 
platinum(II) 108, prepared from o-vinyl-N,N-dimethylaniline 
with Zeise's salt, was recrystallized (78%) from chloro-
Me Me Me Me
108 109 a (X-0)
b (X=S)
form/methanol, and treated with thallium(I) reagents to 
afford (6 6 %) 109.^9 o-Vinyl- and o-(l-phenyl- 
vinyl)-N ,N-dibenzylanilirie formed monolefin pi-complexes 
upon reaction with Zeise's salt in a manner similar to 108. 
All complexes were reacted with anionic ligands (Br- ,
I- , N 3 ~, or SCN") to afford mono chloride 
exchange p r o d u c t s . ^
27
Amino-olefin 109, upon treatment with 
PdCl 2 (PhCN2 ) in CH 3 C 1 2 or
Rh 2 Cl 2 (C2 H 4 )4 , gave pi-complexes 110 and
111, respectively. The dibromo and diiodo homologs were 
prepared by metathesis with NaBr or Nal.^l
M^ ^ Me M^ ^ Me
•^NMe2 Pd(Phcn)2ci2 /Cl l " \ / CI
_;"or;;
M O l  mci.cc.h.), Me' ”11 Cl M e O l  Clx2""2‘V<i M e
110 111
Cyclopalladation of 112 in acetone gave rise to the pi- 
bonded chelate 113, which was proposed to be an intermediate 
to the alkyl sigma-bonded complex 6 , previously described.
Me Me 
\/
6
N M e 2 pdci (PhCN) r-Nv / CI
M e u  M e 0
112 113
No direct evidence has, however, yet been found to link 6 ,^ 
as a "precursor", to 113. A related crystalline, stable 
chelate 114 has been formed by an interesting transformation 
of the sigma-bonded chlorobi s [3-(dimethylamino)- 1 -formy 1 - 
2, 2-dimethyl-propyl—C,N] dipalladium(II) (_6 ) with hydrogen 
chloride in acetone.^3
2-Allylaniline, when treated with 
[Rh(C 2H 4 )2 Cl ] 2  in benzene or toluene,
afforded (85%) 115 dimer.74 similarly, 2-(2,4-penta- 
dienyl)aniline PdCl 2 • (MeCN ) 2 was transformed 
(95%) to the 2,3-dihydroindoleallyl palladium complex 116 
but did not give the desired tricyclic indole derivative, 
possibly due to the remarkable stability of 116.75 
1-Allyloctahydrophenazine (11 7 ) gave pi-complex 118 upon 
reaction with Zeise's salt.76
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Pi-complex 119 was transformed to amide 120 by- 
insertion of isocyanates. A kinetic study showed that the 
reaction rate varied linearly with Hammett constant Op 
giving p=+1.13; thus, para electron-withdrawing substituents 
on the aryl isocyanates facilitated the insertion 
process.^7
RNCU
119 120 CF3
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I I . STRUCTURAL ANALYSIS.
During this last decade, NMR, IR, and X-Ray spectral 
information have become the major experimental techniques 
used to study cyclometallated compounds. These studies 
provide two types of information: structural character­
ization of the complexes and the intrinsic nature of the 
ligand-metal bond. IR was the most important tool during 
the earlier years because it could readily give results from 
both solution and solid state samples. Because of the 
availability of FT NMR instrumentation, the often low 
solubility of these organometallics is no longer a serious 
problem, especially for 1H NMR. Thus, NMR is fast 
becoming the method of choice for structural character­
izations since it gives more specific connectivity 
information than IR and crystallization is not necessary.
Even with FT NMR, however, X-ray crystal analysis is still 
the most unambiguous technique for structural characteriza­
tion and the wealth of other information gained make X-ray 
analysis the most desirable source of data.
A . Nuclear Magnetic Resonance Studies.
The NMR discussion will be confined to data which deal 
directly with the chelate ring. Table 1 lists 
representative data for complexes, which possess a sp3 
sigma carbon donor. Alkenyl sigma carbon donors are not 
compiled since proton data are still very limited. 
data would be most informative but there seems to be
31
a dearth of n m r  assignments for chelate ring
carbons. Table 1 is labelled as a, ft ,y, and other nuclei, 
where the a-position is the carbon atom directly attached to 
the metal. Carbon is herein given priority in a N-C^-chelate 
ring. Only pertinent NMR data will be considered.
Chemical shift differences are most helpful in going 
from the acyclic ligand to the cyclic complex. This 
comparative datum is easily applied when an unsaturated 
ligand cyclometallates to form a saturated metallocycle, 
e.g. 9_. Change in spin-spin interactions can also be 
characteristic and informative; e.g. an a-methylene doublet 
in _30 is transformed to a spike upon cyclometallation. The 
appearance of new signal(s) [chemical shift] upon 
cyclometallation is also helpful as in pinacolone oxime _14 
where a new signal arises due to the methylene bound to 
palladium. Although peak assignments of hydrogens bound 
directly to chelate ring carbons are desired, these signals 
are often obscured or highly coupled making individual 
assignment difficult. Often useful data are gained from 
observation of characteristic shifts in hydrogen containing 
groups not directly bonded to the metal ion. When a dialky1- 
amino moiety is utilized as the N-donor, the signal for the 
alkyl groups shift to lower field indicative of N-coordi- 
nation. Likewise, pyridine proton resonances are often 
useful because of usual downfield shifts from inductive
electron density loss and non-bonded interactions, 
especially at H6, e.g. 25_ and 26 .
The magnitude of coupling contants has been used to 
study trans effects of 0- vs S-atoms in 106 and 107, 
r e s p e c t i v e l y . The Pt-olefinic proton coupling 
constant was shown to be sensitive to the pi bonding ability 
of the trans ligand and the coupling constant was also used 
to assess the trans influence of diverse ligands 
(N3 ~ to I- ).70 Variable temperature (VT)
NMR studies have been conducted on _31_, 49, 110, as well as 
other complexes to assess various conformational 
characteristics of the chelate ring.
The NMR studies of other nuclei are becoming more 
popular but inherent problems must yet be overcome.
NMR has great potential especially for exploring the nature 
of £-metal and C-C-metallocyclic interactions. Examination 
of Table 1 reveals that some researchers are routinely 
including in their studies. As yet, there appear
to be no cohesive theoretical or empirical rules to predict 
the effect of C-metal coordination or chelate ring 
formation on -^C chemical shift. 13c NMR may be 
most useful in this aspect of a study since the 
metallocycles usually contain at least three carbons of 
varying degrees of hybridization, while hydrogen atoms may 
not be bonded directly to the ring carbons. lO^Rh was 
the only other nucleus herein i n c l u d e d 7 9  and in general
the nucleus in a chelate ring was found to
resonate at higher field as the sigma donor strength of 
the ligands increased. Other precious metals can be 
studied via NMR, platinum being one with sufficiently 
small line width but little or no comprehensive data have 
yet appeared.
B . Infrared Spectrophotometric Studies.
Infrared (IR) spectroscopy has become more useful for 
the confirmation of suspected functional group(s) than 
detail structural characterization. Thus, standard 
signals in the regions from 3500-2900, 2000-1200, and 
1000- 600cm“ l are usually mentioned in support of 
specific moiety. There are, however, several special 
techniques which utilize IR spectroscopy as a powerful 
method of study.
Metal-halogen vibrations occur in the region from 
400-100cm~l. These signals are usually strong and the 
particular frequency and number of signals can be related 
to isomeric geometry, metal-halogen separation, and 
stereochemistry within the coordination sphere. The 
frequency of the metal-halogen vibrations are of interest 
when the halogen is trans to a C-donor; numerous examples 
are shown in Table 1. The absorption for a halogen trans 
to carbon is shifted to much lower wave numbers than when 
trans to nitrogen. The stereochemistry of coordinated 
carbon and halogen can be ascertained as cis or trans
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simply by finding the number of peaks due to metal-halogen 
(one for trans and two for cis) in the 400-100cm- -*- 
region. a-Carbon donor atoms have been found by this 
technique to be exceptionally strong donors. The 
controversy still remains as to which kind of C-donor, 
i.e., alkyl, alkenyl, aryl, benzyl, or acyl, is the 
strongest sigma donor but limited evidence suggests that 
the sigma-bonded acyl carbon may be the strongest.
Infrared studies are also useful for cyclometallated 
pi-complexes. Upon complexation, there i a noticeable 
disappearance of the free C=C stretching band ( =1600 
cm"-*-) with a concommitant appearance of peaks in the 
1500-1550 cm"-* region. This degree of shift can be 
correlated with the relative strength of the pi-metal bond 
as can the shift in the aforementioned metal-halogen band 
when a halogen is trans to carbon.71
C . X-Ray Stucture Determinations.
Crystal structural determinations have been 
completed, to date, on nineteen complexes presented in 
this review. These studies have indicated a remarkable 
similarity between the chelate ring systems.
Unfortunately, seventeen structures are of palladocycles 
and only two of platinocycles leaving no opportunity to 
compare the structures of other metals in a metallocyclic 
ring.
Table 1 lists only data from structures which
directly deal with the chelate ring. The headings are
defined by Figure 1. Below the bond lengths, listed
Bd4
Bd3
Bd2
Figure 1. D e f in i t i o n  o f  Table 1 Headings f o r  X-ray Data.
first, are the designated bond angles. In general, the 
five-membered metallocyclic ring is not f 1 at preferring a 
pseudo-envelope conformation. The average N-metal 
distance in sigma-complexes is 2 . 0 6 A  and in pi-complexes 
is 2 . 0 9 A .  The C-metal distance averages 2 . 0 8 A  for 
a sigma-bond and 2 . 14A for a pi-bond. The structural 
analysis of 121 has revealed an unusually short C-metal 
bond, in that the Pd-carbon bond distance ( 1 . 9 3 8 A )  is 
shorter than the ylide C-metal distance of _29 and is the
1  /NHEt2
L^  noso2cf3 
Me Me
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shortest C-metal bond for a cyclometallated carbon yet 
r e p o r t e d . T h e  structural effect of this short 
bond is to force the trans ligand to an exceptionally long 
bonding distance.®^
Of all the complexes, for which X-ray determinations 
have been completed, sigma complexes J3 and £3 have the most 
ideal geometries. The pi-complexes in general have no large 
bond angle distortions but their geometries are not as 
ideal as that of 3_ and 8^ The saturated five-membered ring 
appears to be well suited to form the expected bond angles 
in the chelate ring. Interestingly, 36_ has bond angles 
which closely approach expected or predicted angles, 
although it has a six-membered chelate r; g.
Structural determinations have been id to confirm 
suspected molecular irregularities. Complex £  demonstrated 
an unusual absorption (IR) for the aldehydic carbonyl 
group. X-ray revealed a large contribution from an enolic 
resonance hybrid, in which the coordinated carbon had 
geometry distorted toward sp2 hybridization and the 
coordinated carbon carbonyl single bond was appreciably 
shortened (1.460A, 1.505A was predicted) .-*- ^  X-ray 
of 29^  also showed the same phenomenon for carbonyl-ylide 
carbon bond distance. This bond length (1.39A) was 
shortened even more drastically than in £3, and approaches 
carbon-carbon double bond character.-*--*- X-ray 
determinations have also been useful for delineating the 
geometry of pi-bonded double bonds in relation to the 
coordination sphere and to confirm hypothesized 
metal-hydrogen interactions from spectral a n a l y s i s . ^3
Table 1. NMR, IR, and X-Ray Data of Che CyclomeCallaCed Complexes.
Com plex 
Ho. Nu
NMR
O cher
IR
M -C lcm - 1  M -C l
X-Ray (A)(deg)
Bd1(1) Bd2(2) Bd3(3) B d 4 (4 )
A v a i la b le  R e f.  
B d 5 (5 ) D a ta________
3
5
6
7
8 
10
12
13
1 . 6 - 2 . 7 (n )  1 . 6 - 2 . 7 (n )  1 .6 - 2 .7 ( n )  
3 .6 5 (a )
31
14 H
15 
17
19 *H 
22 *H
13C
31„
28 ‘ H
29 *H
31 H
13„
2 .5 ( a )
3 .1 5
10.67(d ),
1.37(d )
29.5(d )
4 6 . 7 ( d ) ,
6 1 .7 (d )
4 .6 9 ( e )
5 .1 9 ( e )
6 .4 2 ( e )
68.0(d)
2.70,2.72 (e, NCH3) 
2.22(d), 2.68(d) 2.77 (a, NCH3) 
2.12(d), 3.66(d) 2.55, 2.71 (s, NCHj)
2.18(d), 2.93(d) 2.78(a, NCH3)
2 .3 3 5 (1 )  2 .0 3 6 (4 )  1 .5 8 3 (7 )  1 .5 7 1 (7 )  1 .5 1 2 (6 )  2 .0 7 6 (4 )
8 4 .5 (2 )  1 0 7 .9 (3 )  1 0 7 .3 (3 )  1 1 2 .5 (4 )  1 0 8 .8 (3 )
2 .4 1 3 (1 )  2 .0 5 2 (4 )  1 .5 2 8 (5 )  1 .5 3 2 (6 )  1 .5 1 5 (5 )  2 .0 8 6 (3 )
1.95(d),
,2.36(dd)
4.3(B)
P 6.55
3 .9 9 (a )  1.66(d), 1.95(d) 2 .8 5 ,  3 .0 6 ( a ,
NCH3 ) ;  3 .3 7 ( 8 ,  NCHj) 
7 .8 (p y H 4 ) ,  8 .0 (H 3 , 
H 5 ) ,1 0 .0 (H 6 )
2 2 0 (P d -B r)
2.1-2.4(a) 
41.3(d)
2 4 3 ,2 9 8  2 .4 4 2 .0 2 3 (6 )  1 .5 1 8 (8 )  1 .5 1 6 (9 )  1 .2 7 1 (4 )  1 .997
7 9 .8  1 0 9 .6  108 .1  11 4 .6  11 9 .4
A ,B  11
A 12
A .B .C  12
A ,B  12
B,C
A ,B  14
A 15
A ,B ,C  16
8 .1 5 ( 8 .  OH)
2 .8 6 ( s ,  NCH3) 
4 .8 8 ( a ,  HH)
195 (d ,C -0 )
9 .3 0 (p y H 6 )
9 .6 4 (p y H 6 )
9 .3 4 (p y H 6 )
2 0 0 .4 ( 0 0 )
2 3 8 ,2 9 7  A ,B  16
2 4 0 ,3 0 0  A ,B  16
2 4 5 ,3 1 7  A ,B  17
2 5 5 ,3 0 4  A ,B  17
A ,B  19 ,20
290 ,3 3 4  A ,B  24
2 .3 9 9 (3 )  1 .9 8 7 (1 0 )  1 .5 3 (1 )  1 .4 9 (1 )  1 .3 6 (1 )  2 .0 4 4 (7 )  A ,B ,C  24
8 3 .1 ( 3 )  1 1 0 .9 (6 )  1 1 3 .4 (9 )  1 1 4 .5 (8 )  1 1 5 .6 (6 )
2 9 0 ,3 3 0  A ,B  25 ,2 6
T a b le  1 . C o n tin u e d
Com plex 
N o . Nu 
32
NMR
34
35
36
39
40
42
43
44
48
51
52
53
‘ H
3C 5 1 .0 ( a )
hi
5 3 .6 (a )  
4 5 .6 ( a )  
4 5 .4 (a )  
4 7 .4 ( a )
13 „
13,
13,
13,
13,
H
'c 4 6 .7 (a )
H
13„
13,
13,
4 5 .1 (a )
3 .1 0 (m )
3 .3 4 ( b ) ,
3 .3 0 (a )
2 2 . 7 ( t ) ,
2 3 . 5 ( t )
3 .9 5 (a )
2 4 .7
3 .5 0 (a )
3 .8 5 (a )
4 2 .8 ( e )
3 .7 5 (a )
4 3 .1 ( e )
2 8 . 6 ( t )
4 7 .6 ( e )
4 8 . 0 ( t )
3 .6 4 (a )
3 .8 3 (a )
4 7 .5 ( e )
3 .8 6 (a )
4 8 .5 ( e )
NG
148 .7
1 6 9 .6 ( 8 ,pyC2)
1 7 1 .8 (a ,p y C 2 )
4 2 .4 (e )
1 6 9 .9 (a ,p y C 2 )
1 6 9 .6 (a ,p y C 6 )
164. l( a ,p y C 6 )  
1 6 8 .7 (s ,p h e n C 2 )
NG
149 .4
O th e r
9 .0 6 (p y H 6 )
162.8(a,pyCH2)
5 .9 5 ( 8 ,  NH) 
3 .3 0 ,3 .4 3  (2 a .  
n c h3)
54.5(m ,N C H 3)
9 .5 4 (p y H 6 )
9 . 18(pyH 6)
IR
H -C lcm -1
25 8 ,3 1 5
M -C l
X-Ray (A)(deg) Available Ref.
Bdl(l) Bd2(2) Bd3(3) Bd4(4) Bd5(5) Data
2 .0 0 ( 1 ) 1 .3 9 (2 ) 1 .4 4 (2 ) 1 .4 1 (2 ) 1 .9 9 (1 ) A ,B ,C 25 ,2 6
8 0 .0 ( 5 ) 1 1 6 .7 (1 0 ) 1 1 2 .2 (1 0 ) NG 1NG
2 .1 4 0 (5 ) 1 .5 5 6 (6 ) 1 .4 8 2 (7 ) 1 .3 4 8 (5 ) 1 .9 6 7 (5 ) A ,B ,C 27 ,2 8
8 1 .8 ( 1 ) 1 0 2 .8 (3 ) 1 1 1 .1 (4 ) 1 1 4 .5 (4 ) 1 1 7 .9 (3 )
2 .1 5 6 (2 ) 1 .5 2 2 (4 ) 1 .4 9 8 (4 ) 1 .3 3 8 (4 ) 2 .0 4 0 (3 ) A ,B ,C 30
7 9 .6 (1 ) 1 0 0 .3 (2 ) 1 1 0 .7 (2 ) 1 1 4 .2 (2 )
2 .1 9 0 (9 ) 1 .5 3 5 (1 2 ) 1 .4 8 0 (1 3 ) 1 .3 4 0 (1 0 ) 2 .0 3 8 (7 ) A ,B ,C 31
8 4 .5 ( 3 ) 1 0 9 .9 (6 ) 1 1 1 .0 (8 ) 1 1 6 .0 (7 ) 1 2 0 .3 (6 )
2 .0 8 9 (9 ) 1 .5 5 1 (1 2 ) 1 .4 9 5 (1 4 ) 1 .3 4 5 (1 1 ) 1 .9 7 1 (6 ) A ,B ,C 32 ,3 3 a
8 2 .8 ( 3 ) 1 0 6 .1 (6 ) 1 1 2 .1 (7 ) 1 1 4 .1 (8 ) 1 1 8 .5 (5 )
2 .1 5 2 (5 ) 1 .5 8 1 (7 ) 1 .5 0 5 (7 ) 1 .3 2 8 (6 ) 1 .9 7 9 (4 ) A ,B ,C 32 ,33a
8 5 .2 ( 2 ) 1 0 3 .6 (3 ) 1 1 2 .0 (4 ) 1 1 3 .8 (4 ) 1 1 9 .8 (3 )
A ,B 33a
A ,B ,C 33a
A ,B ,C 33a
A .B 35 ,3 6
A .B .3 7 ,3 8
A .B 39
2 .0 7 4 (1 2 )  1 .5 1 4 (1 4 ) NG 1 .9 1 4 (1 3 )  2 .1 5 0 (7 )  A ,B ,C 39
8 2 .0 (4 )  1 0 9 .6 (8 ) NG NG 1 1 1 .0 (6 )
OJ
00
Table 1. Continued
Com plex NMR
No. Nu_______________________________________
55 13C 157.7(e) 143.9(b) 175.5(b)
61
62
63
64
65 
72 
74 
76 
82 
84a 
84b 
84c 
84d 
84e 
8 4 f 
86
87
88 
106 
107 
109a
109b
O th e r
110
IR X-Ray (A)(deg) Available Ref.
M-Clcm-1 M-Cl Bd1(1) Bd2(2) Bd3(3) Bd4(4) Bd5(5) Data_______
A .B  4 0 -42
320 1 .5 3 0 (2 0 )  2 .2 3 7 (1 3 )  1 .5 8 1 (2 0 )  1 .3 6 4 (2 0 )  1 .5 4 7 (2 0 )  2 .2 2 2 (1 5 )A ,B ,C
1 1 4 .2 (6 )  9 5 .3 ( 5 )  NG 1 2 7 .2 (1 )  1 2 4 .9 (9 )  1 1 0 .6 (8 )
312 A .B  46
2 7 0 ,3 2 0  A .B  46
2 5 5 ,3 1 7  A .B  46
2 6 6 ,3 1 5  A .B  46
1 6 5 (P d -B r)  A .B  49
292 A .B  50
230 B 51
265 A .B  53
2 2 4 ,2 4 5  A .B  5 4 ,5 5
217 .2 4 7  A .B  54 ,5 5
2 3 8 ,2 7 9 ,2 8 8  A .B  54 ,5 5
2 2 5 ,2 7 3 ,3 2 8  A ,B  54 ,5 5
2 0 9 .2 4 8  A .B  5 4 ,5 5
2 2 8 ,2 5 6 ,3 4 3  A .B  5 4 ,5 5
2 8 7 ,3 6 3  A ,B  56
2 7 7 ,3 4 8  A ,B  57
2 9 9 ,3 6 5  A .B  57
2 1 6 ,2 5 8 ,3 2 3  A ,B  67
2 5 5 ,2 7 5 ,3 0 3  A ,B  68
2 .2 8 9 (2 )  2 .1 2 3 (8 )  1 .4 8 8 (1 1 )  1 .3 6 0 (9 )  1 .4 8 5 (8 )  2 .0 8 3 (5 )  A ,C  70
8 3 .6 ( 1 )  1 0 7 .4 (5 )  1 1 9 .9 (7 )  1 1 7 .1 (6 )  1 1 0 .6 (4 )
2 .2 9 1 (4 )  2 .1 7 2 (1 5 )  1 .4 6 0 (1 9 )  1 .3 7 4 (1 8 )  1 .4 8 5 (1 6 )  2 . I I 6 ( 1 0 ) A , C  70
8 2 .2 ( 5 )  1 0 8 .2 (9 )  1 2 0 .1 (1 2 )  1 1 7 .7 (1 1 )  1 1 0 .3 (8 )
3 0 4 ,3 2 3 ,3 3 1  A ,B  71
OJUD
Table I. Continued
Com plex NMR IR
N o. Hu___________________ O th e r_________________ M -C lcm -1
113
114 309 ,3 3 0
115 288
A v a i la b le  D a ta : A , NMR; B , IR ;  Ct X -R a y.
M -C l
X-Ray (A)(deg) Available Ref.
Bdl(l) Bd2(2) Bd3(3) Bd4(4) Bd5(5) Data_______
2 .2 9 8 (1 )
2 .2 9 6 (3 )
2 .1 3 5 (3 )
8 3 .6 ( 1 )
2 .1 2 4 (1 0 )
8 4 .1 ( 4 )
1 .5 0 7 (4 )
1 0 8 .3 (2 )
1 .5 1 (1 )
1 0 7 .3 (7 )
1 .5 2 9 (4 )
1 0 8 .5 (3 )
1 .5 2 (2 )
1 0 9 .3 (9 )
1 .4 9 7 (4 )
1 1 2 .9 (2 )
1 .4 9 (2 )
1 1 2 .9 (9 )
2 .0 8 2 (2 )
1 0 9 .9 (2 )
2 .0 7 2 (8 )
1 1 0 .0 (7 )
A .B .C  73 
A ,B ,C  73 
A .B  74
-P>O
III. Reactions.
The reactions herein considered will be limited to 
those that result in the loss of the metal and formation 
of a new C-C bond. Nearly all ji-halobridged dimeric 
metallocycles react with good coordinating ligands, i.e., 
triphenylphosphine, pyridine, et cetera, resulting in 
bridge cleavage and formation of monomeric species. In 
such cases the entering ligand, L, is almost always trans 
to an N-donor. The bridging atoms can also be replaced 
with acetate or another halogen (usually Cl or B r ) . These 
reactions are common ones but usually do not result in 
expulsion of the metal from the metallocycle.
x H  x
1 L 1N—  Pd — 2 ~ — ► N—  Pd— L
V I  V^  C ^  C
A. Sigma Bonded Complexes.
1. Reactions of Alkyl (sp3 ) Carbon Donors.
Complex 3^ reacts rapidly with hydrogen gas at atmos­
pheric pressure in THF to afford (91%) the saturated 
diester 122. Investigation of the reactions of isomer 
123 showed that the complex reacted smoothly with hydrogen 
gas, hydrochloric acid, and methyl iodide. The reaction 
of 123 with methyl iodide afforded multiple products but
4 2
R(CH2)ANMe2 
122
CH3CH2CH2NMe2 
12A
124 + MeCl
the presence of substantial amounts of 124 and methyl 
chloride was confirmed. These results indicated that a 
Pd-methyl species may have been formed subsequently 
leading to reductive elimination of methyl chloride . ® 1 
Complex 123 was found, however, to be unreactive toward CO 
or styrene under normal conditions.®-*- Though 
palladocycle 125 was not isolated, its probable formation 
is indicated by the isolation (92%) of 126 from the 
treatment of cyclopentenyl amine with palladium chloride 
and diethyl sodiomalonate, followed by diisopro- 
pylethylamine . ® 2
NMe2
A. XOzEt
\^J~< COzEi
126
Nickelocycle 22_, when subjected to CO in THF, 
quantitatively gave succinimide 1 2  7 ; likewise, 23_ gave 
(6 6 %) glutaramide 128, under similar conditions.
laCH(CO-Et)
Me Me
Me Me
W|e
R f>-i CO
* U'A
Me Me
—Me
• 128
22 127 23
Complex J34 rapidly demetallated with bromine in 
CH 2 CI 2 / to afford (1 0 0 %) the novel dibromide 33b.
Reaction of _34 with hydrochloric acid was also facile 
affording 33a; however with hydrogen gas, C-metal bonds 
were very slowly cleaved. The larger the steric bulk of 
the ester alkyl group, the more slowly cleavage proceeded. 
Complex 3*1 proved to be unreactive to CO, styrene, methyl 
iodide, methyl vinyl ketone, and diethyl sulfide even 
under forcing conditions.
Nickelocycle 6(3 reacted with ethanolic sulfuric acid in 
ether to afford (69%) a, /3-unsaturated amide 129 as well 
as with methyl iodide in THF to give (87%) /3 -methyl
33 a (X=H) 
b (X=Br)
2. Reaction of Alkenyl (sp^) Carbon Donors.
derivative 130. Complex 60^  also reacted with CO to afford 
(69%) imide 131 and with diphenylacetylene affording (12%) 
tetraphenylpyridone 132.
EtOH
0
3h
0
Mel Ph'Y'^ '-NHPh
Plr Me 130
CO
II 131 
0
Ph-CEC-Ph
"  132
Octahedral rhodium(lll) metallocycle J36 failed to 
react with sodium methoxide, CO, or stoichiometric 
hydrobromic acid but did undergo retrocyclometallation 
upon treatment with excess hydrobromic acid in benzene at 
reflux.
The six-membered complex 6^ 7 reacted similarly to give 
(100%) the stilbene 133. Imine complexes 66^  or 67_, when
X
56
treated with methylmagnesium iodide or methyllithium gave 
(83%) the acyl imine 134, which can be hydrolyzed to give 
the corresponding ketone. Complexes (39 or 70^  are also 
reduced with lithium aluminum hydride to afford (70%) the 
ortho-dimethylaminoxylene (135).
P lw  __2
— X  HCl
NMe2 — ^ C H 2NMe2
67 133
NR 
‘'''Me 
CH2NMe2
69
134
^*nn >^ch2nhr
(pX^ / ^ C H 2NMe2
135
Acyl palladium complex 74^  upon treatment with sodium 
methoxide generated (47%) methyl 2-pyridylacetate (136). 
Rhodium acyl complex _76 reluctantly decarbonylated to give 
(1 0 0 %) quinoline; whereas, coordinatively unsaturated 
rhodium complex 11_ undergoes hydroacylation of 1 -octene by 
8 -formylquinoline under mild conditions (50°C, 30 min.).
76 does not produce the octyl-ketone 137 under these 
conditions. This elegant conversion may suggest that 11_ 
can be used as a model for an intermediate in other 
hydroacylation reactions.
4 6
MeOH
NaOMe
136
lOgMe
0 < t —  R h —  C l
p h 3 p  !
xylene
reflux
76 H
'3
Cyclopalladated ferrocenes 92_ or reacted with 
iodine to afford (90%) the iodoferrocenes 138. These 
complexes also react with CO in methanol to afford the 
ferrocenyl amino ester 139, and undergo the Heck reaction 
with a variety of alkenyl reagents to give carbon-hydrogen 
insertion products 140 in variable yields. The treatment 
of 92^  with lithiodiphenylphosphide occurred to generate 
(50%) ferrocenylphosphine 141.83-86 Palladocyclic 
ferrocenophane 98 was reduced (73%) to starting ligand 97
Fe *  Fe
N '  138
92
*  Fe
47
CH2'CHR
92 ■» Fe
R-COMe, CO-Et 
COPh, Ph,
CN
uo
LiPPh,
>PPh2
Fe
when subjected to lithium aluminum hydride in THF. 
Likewise, ruthenocene 106 was converted to 104 at 25°C via 
action of lithium aluminum hydride. In contrast to other 
metallocycles, the ruthenocene 106 failed to react with 
bromine, or n-butyllithium under various conditions, but 
did react in unusually high yield (ca. 92%) to form 142, 
when subjected to Heck reaction conditions. Further, 
though the halo-bridged dinuclear 106 failed to react with 
CO in ethanol, the monomeric palladocyclic ruthenocene 
complex 143 reacted slowly with CO to afford amino ester 
144.
98
IMez
LAH
97
IMez
106
4 8
CH2“CHR
Ru R
IMe2
106  1 ^"R=COMe, COPhr 
Ph
142
> ^ M e 2
OJi-Rd-CI
CO
/ ^ M e 2 
< 0 > - C 0 2Et
EtOH *  Ru
143
Cyclometallated cobalt sandwich 107, when treated 
with lithium aluminum hydride and activated olefins, gave 
the reduced sandwich 145 as well as the expected vinyl 
substituted derivatives 146, respectively. The greatest 
yield (78%) for C-H_ insertion of 107 occurred when 
ethene was used as the olefin source. Complex 107 did not 
react with CO, whereas monomer 147 did react (42%) under 
moderate (100°C) conditions to give amino ester 148.
EC OH
B . Reactions with Pi-bonded C-Donors.
Pi-bonded rhodium dimer 115 on treatment with 
2-allylaniline in C H 2 CI 2 isomerized (45%) to 
trans-2-propenylaniline 149, whereas when 115 was refluxed 
in benzene, rhodium was lost to give 2-methylindoline 150. 
Similarly, pi-allyl complex 116 with diphos, which usually 
promotes cyclization reactions in these systems, 
inexplicably regenerated the starting ligand 151.
TMEL»A
In attempts to transform 116 to a tricyclic amine, the 
complex was heated with triethylamine and TMEDA to give 
the bicyclic vinyl-indene derivative 152 in all cases. 
Complex 116, when subjected to hydrogen gas, afforded the 
reduced derivative 153.
V. CONCLUSIONS.
In general, there are only four basic reactions that 
lead to cyclometallation. To date in this series, each 
involves initial N-metal coordination. The differenti­
ation occurs in the second step, i.e. formation of the 
C-metal bond. Type I is a simple anionic displacement 
reaction, which encompasses nucleophilic attack on the 
metal by a stabilized carbanion, an aromatic ring, or by a 
juxtaposed electron pair (see Figure 2). Type II is 
either C-H or £-C insertion, which takes place on a 
non-zero oxidation state metal. The benzyl group is
Figure  2. Types o f  Carbon-Metal Bond Forming Reac tions .
an example which undergoes a C_-H bond insertion. Type II 
is generally differentiated from Type I because the pKa i 
high enough to make this group relatively non-acidic.
Thus the formation of carbanion, under typical conditions 
(i.e. weak base or no base) for cyclometallation, is not 
likely for this group. Type III involves oxidatitive 
addition of a carbon group to a zero valent metal. The 
carbon group may be a C_-H, C-C, C-halogen, or C-metal 
system. Type IV is exemplified by a carbon group 
insertion in an already existing C-metal bond of a 
metallocyclic ring.
There do not appear to be any a priori rules for 
predicting the stability of a metallocydlic system since 
myriad of types of carbons coordinate various metals with
various stabilities in a cyclic system. However, it is 
obvious that the ring size most successfully 
cyclometallated, to date, has been five-membered. The 
reason for five-membered ring stability embraced by most 
researchers is that this ring size should have the most 
ideal geometries (bond angles) of all the possible ring 
sizes. While the five-membered ring has been shown by 
X-ray structure determination to have fairly ideal 
geometries, the one X-ray structure of a six-membered ring 
complex also has relatively strain-free bond angles.
Steric bulk both on the metallocyclic ring and in other 
coordinating ligands is another factor that gives 
stability to systems that otherwise are not stable.
The general reactivity of metallocyclic complexes has 
been studied in limited fashion. Further studies aimed 
toward using the complexes as synthetic intermediates and 
catalyst would be timely.
Chapter 2.
Introduction.
Over the past few years, much research effort has 
been devoted to the study of palladium complexes in 
organic synthesis , 9 0  catalysis , 8 8  
reactivity,^6 •4°, spectroscopy,20'^9 and 
structure . 2 0  of more recent interest has been a class 
of organopalladium complexes that possess intramolecular 
' coordination through both carbon and heteroatom
donors.I - 2  The ever broadening use of cyclo-organo- 
metallics led us to attempt to synthesize cyclic complexes 
that would have unusual stability so that complete 
spectroscopic and structural analyses could be conducted.
An appropriate ligand was designed after a literature 
appraisal of ortho-metallation9 -^ and other work 
dealing with the necessary characteristics of molecules 
with stable C-metal bonds . 9 2  At the onset of our work, 
many metallocycles had been constructed by forming first a 
metal-heteroatom bond and subsequent coordination at the 
ortho-carbon of an aromatic ring. The aryl carbon was 
coordinated by both trans-metallation or direct C-H 
insertion. The chelate ring imparts stability to this 
type of C-metal bond.
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Relatively few metallocycles which possess a sp^- 
carbon had been reported prior to 1980. Some work had 
been conducted with acyclic sp^-c-metal bonds in which 
C-metallated acac and malonate complexes of platinum(II) 
had shown unusual stability. ^ 2  iphe normal O-bonded 
acac complexes were shown to isomerize to the C-bonded 
species; the stability of the C-metal bond attributed to 
the electron-withdrawing /3-dicarbonyl moieties.
Me
Me
Me
Me
Me Me
T O
O-
Me
Incorporating both ideas into a single ligand would 
lead to substitution of the aryl carbon by the /3  -dicar­
bonyl unit while still maintaining the chelate structure. 
Such a ligand series would possess pyridine as the 
heteroatom donor and a /3  -dicarbonyl unit connected to the 
pyridine ring by a methylene bridge. These ligands, with 
carbanionic donor(s) in a five-membered chelate ring(s) 
should provide sufficient stability to accomplish the 
initially stated goals.
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Ligands; Synthesis and Characterization.
The /3 -dicarbonyl ligands 155 were prepared according 
to the procedures shown in Scheme 1. Commercially 
available 2 ,6 -b i s (hydroxymethyl)pyridine was transformed 
into 2, 6 -b i s (chloromethyl)pyridine 154 upon treatment with 
pure^3 S 0 Cl 2 » as described by Baker et a l . ^ 4 
Reaction of 154 with diethyl malonate in diethyl ether- 
ethanol using sodium ethoxide, as base, gave 155b in low 
yield along with a host of by-products. In order to 
maximize the yield of 155b and to preclude the necessity
Scheme 1. First method for synthesis of the trans 
ligands.
for tedious chromatographic (ThLC) purification, a new 
procedure was employed using the activated methylene 
compound in anhydrous N,N-dimethylformamide^5 w ith 
potassium carbonate as base. This was less cumbersome to 
run, and work up; further, the desired ligand 155b was the 
major product (82%). This latter procedure was utilized 
in all of the subsequent pyridine ligand synthesis.
Treatment of 154 with ethyl acetoacetate using the 
K 2 CO 3 -DMF procedure gave (61%) 155c, as a
colorless oil, which exists as diastereoisomers, as shown 
by the two singlets (5 2.30 & 2.31) in the NMR for 
the acetyl methyl groups. Even though the methyne 
hydrogen underwent facile deuterium exchange in methylene 
chloride at 25°C with D 2 O and traces of pyridine, 155c
predominantly exists as the ketonic tautomer [on the NMR 
time scale] since no enolic patterns are evidenced (
NMR). Conversion of 154 to the cyano ligands 155d and 
155e was similarly accomplished by treatment with ethyl 
cyanoacetate and malononitrile, respectively. Although 
155c is relatively stable to solvent, 155d & ^  were found 
to rapidly decompose in solution or on attempted 
purification.
b_ (R1,R2-C02EC) 
c (R1=C02Et;R2“C0Me) 
d (R1-C02Et;R2“CN) 
e (R1,R2“CN)
Scheme 2.Second method for synthesis of the trans 
ligands.
The formation of the ligands was monitored via 
1-H NMR, by the loss of the sharp singlet at 5 4.7 for 
the methylene hydrogens in 154, and the appearance of a 
doublet at 3.2-3.5ppm for all ligands; the high-field 
shift being due to the loss of the more electronegative 
chlorine atom and replacement by the carbon moiety.
Complexes: Synthesis and Characterization.
The bis-C-metal bonded complexes 159 were formed when 
an ethanolic solution of the ligand was stirred with 
potassium tetrachloropalladate, potassium hydroxide, and 
pyridine in water at 25°C. The complexes were
crystallized from C H 2 Cl 2 ~CgH 2 2  in moderate 
( s 40%) yield.
P y r id in e
a (R 1 ,R 2“ C02Me)159
The 2,6 -disubstituted heteroaryl group exhibited 
small downfield shifts for the aromatic hydrogens caused 
by the N-coordination. Demonstrating C-metal bond 
formation for all complexes was the collapse of the 
pyridyl methylene doublet at 5  3.2-3.5 to a spike at 5 
3.85, as a result of the loss of spin-spin interaction due 
to the vicinal methyne hydrogen. A characteristic 
downfield shift of 5 0 .3-0.4 for the pyridyl methylene 
resonance also accompanied cyclometallation. The 
NMR spectrum of all palladium complexes was similar in the 
aromatic region showing a downfield shift for the
2,6-pyridine (isolated) ligand hydrogens. The shift is 
indicative of pyridine N-coordination and nearly equal in 
chemical shift to that found for the 2 ,6 -hydrogens in 
either pyridine N - o x i d e ^  or Pt(y-acac) 2 ~
(pyr )2 - 9 2  The presence of coordination-free C-0 
bands in the IR at 1680-1640 cm~^ for 159a-c along
with the complexes high solubility in non-polar solvents 
are both in accord with the depicted structures.
Bis-diethyl malonate complex 159b exhibited an 
unusual and unexpected NMR spectrum in which the 
ester methylene hydrogens are diastereotopic (Figure 3). 
However, the overall symmetrical nature of 159b is 
confirmed by the spike at 5 3.85 for the pyridyl methylene 
and the clean triplet for the ester methyl groups centered 
at 5 0.99. Homonuclear decoupling studies demonstrate the 
ester methylene hydrogens to be diastereotopic with 
geminal coupling constant of 10.5Hz. The non-equivalence 
of these methylene hydrogens is most likely due to a 
dissymmetric center or axis for which the ethoxy groups 
show a conformational preference. The tridentate 
coordination makes several modes of dissymmetry possible, 
including: (1 ) rigid ring systems, (2 ) a conformationally
stable prochiral center, and (3) a possible chiral axis 
since the free pyridine ligand lies in an orthogonal plane 
with respect to the plane of its trans partner.
To further investigate the intimate conformational 
details of 159b, a single crystal X-ray analysis was 
undertaken. The molecule was shown to have exact C 2 
symmetry in the crystal. Figure 4 illustrates the 
structure of 159b, which may be described by the relative 
orientation of three planes: (1 ) the plane of
coordination, (2 ) the plane of the pyridine (external)
CH Cl
'3.5
3.54.0
. L A
Figure 3. 200-MHz *H NMR spectrum (A) o f  complex 159b in CDClg a t  40 C, expanded aromatic and methylene
reg ions  (B, C) and the  decoupled methylene region (D).
<T>O
ligand, and (3) the plane of the pyridine portion of 159b. 
The two heteroaromatic rings are exactly trans and 
essentially orthogonal, forming a dihedral angle of 90.5°. 
The coordination plane forms a dihedral angle of 14.1° 
with the disubstituted pyridine plane and is distorted 
somewhat from ideal square-planar geometry. The Pd-C bond 
is bent 8.2° away from perpendicular; whereas the Pd-Nl 
(external pyridine) bond distance of 2.050(5)A is 
is comparable to those found in similar P d (I I )-pyridine 
complexes.^7 The Pd-N bond to the tridentate ligand, 
1.967(5)A, is considerably shorter apparently as a 
result of geometrical constraints imposed by chelation.
The Pd-C bond length, 2.140(5)A, is typical of
Pd(ll)-C(sp3) bonds.*2,98 No unusual bond
distances or angles are noted within the remainder of the
structure, and no unusually short intermolecular contacts
exist. Table 2 shows the important bond distances and
angles.
Inspection of Figure 4 clearly shows that in the 
solid state one of the hydrogens (HB ) is always in an 
outer position which is symmetrically located for all 
(HB ) outer hydrogens. Outer (HB ) hydrogen's 
geminal partner (HA ) is always inward in an 
environment different than (HB ). The description of 
the methylene hydrogens (ester) as diastereotopic is
6 2
Figure 4.  ORTEP drawing o f  159b
6 3
Table 2. Bond Lengths and Angles f o r  159b.
Atoms
Pd-Nl
Pd-N2
Pd-C7
Nl-Cl
C1-C2
C2-C3
N2-C4
C4-C5
C5-C6
C4-C8
Atoms
Nl-Pd-N2
Nl-Pd-C7
N2-Pd-C7
C7-Pd-C71
Pd-Nl-Cl
Cl-Nl-Cl'
N1-C1-C2
C1-C2-C3
C2-C3-C2'
Pd-N2-C4
C4-N2-C4'
N2-C.4-C5
N2-C4-C8
C5-C4-C8
C4-C5-C6
C5-C6-C51
Distance
2.050(5)A
1.967(5)
2.140(5)
.’.345(6)
1.386(8)
1.362(8)
1.348(5)
1.400(6)
1.389(6)
1.482(7)
Angle (dea.)
180
98.2(1)
31.8(1)
163.6(1)
120.2(3)
119.5(7)
120.5(7)
120.5(7)
118.5(6)
117.9(3)
124.3(5)
118.6(5)
114.5(4)
126.8(5)
118.8(5)
121.0(5)
Atoms
C7-C8
C7-C9
C7-C10
C9-01
C9-02
02-C11
C11-C12
C10-O3
Cl0-O4
04-C13
C13-C14
Atoms
C4-C8-C7
Pd-C7-C8
Pd-C7-C9
Pd-C7-C10
C7-C9-01
C7-C9-02
01-C9-02 
C9-02-C11
02-C11-C12 
C7-C10-O3 
C7-C10-O4
03-C10-O4 
C10-O4-C13
04-C13-C14
Distance
1.556(6)
1.481(6)
1.478(7)
1.217(6)
1.343(6)
1.443(6)
1.447(8)
1.200(6)
1.355(7)
1.432(6)
1.463(8)
Angle (deq.)
111.1(4)
102.8(3)
107.1(3)
105.0(3)
123.9(5)
114.9(5)
121.1(5)
116.9(5)
108.5(5)
127.8(6)
111.2(5)
120.9(5)
117.7(4)
107.9(5)
Table 3. Coordinates (x 10^) for 159b.
Ato m X
PD 0
N1 0
N2 0
C l - 5 7 1 ( 6 )
C2 - 5 5 6 ( 7 )
C3 0
C4 1 0 8 9 ( 5 )
C5 1 1 1 0 ( 6 )
C6 0
C7 2 1 3 4 ( 5 )
C8 2 1 1 1 ( 5 )
C9 2 9 2 2 ( 6 )
C I O 2 4 9 3 ( 6 )
0 1 3 4 1 4 ( 5 )
0 2 2 9 9 8 ( 5 )
C l l 3 7 3 2 ( 7 )
C12 3 7 6 6 ( 9 )
0 3 3 1 1 8 ( 4 )
0 4 1 9 4 8 ( 4 )
C13 2 1 2 3 ( 8 )
C14 9 8 8 ( 8 )
Y Z
2 8 5 . 7 ( 3 ) 1 / 4
1 4 4 4 ( 3 ) 1 / 4
- 8 2 6 ( 3 ) 1 / 4
1 8 2 7 ( 3 ) 3 1 4 9 ( 4 )
2 6 1 0 ( 3 ) 3 1 6 0 ( 5 )
3 0 0 4 ( 4 ) 1 / 4
- 1 1 8 2 ( 3 ) 2 8 5 9 ( 3 )
- 1 9 7 3 ( 3 ) 2 8 5 9 ( 3 )
- 2 3 6 0 ( 3 ) 1 / 4
1 1 4 ( 3 ) 2 8 2 6 ( 3 )
- 6 7 3 ( 3 ) 3 2 6 7 ( 3 )
6 5 ( 3 ) 2 0 2 2 ( 3 )
7 5 5 ( 3 ) 3 3 8 6 ( 4 )
- 5 1 8 ( 2 ) 1 7 4 4 ( 3 )
7 1 3 ( 2 ) 1 5 8 2 ( 3 )
6 9 0 ( 4 ) 7 8 4 ( 4 )
1 4 6 1 ( 4 ) 4 2 6 ( 4 )
1 3 1 9 ( 2 ) 3 2 0 4 ( 2 )
6 6 2 ( 2 ) 4 1 7 1 ( 2 )
1 2 6 4 ( 4 ) 4 7 6 8 ( 4 )
1 2 1 9 ( 4 ) 5 3 8 2 ( 4 )
6 5
further supported by the ORTEP drawing of 159b since the 
molecule has exact C 2 symmetry in the crystal.
Bis-ethyl acetoacetate complex 159c exists as cis- 
trans isomers, which could not be separated by 
chromatography. Two doublets at 5  3.53 and 3.61 confirm 
the existence of two isomers and the adjacent enantiotopic 
center. Each doublet has a geminal coupling (J-14Hz) 
demonstrating that the pyridyl methylene hydrogens are 
diastereotopic. The ester methylene hydrogens are 
magnetically non-equivalent, similar to 159b, with a 
multiplet centered at 5 4.00. Bis-malononitrile complex 
159e was synthesized (20%); the rapid decomposition of the 
ligand 155e in solution caused serious synthetic problems. 
Complex 159e had greater stability with no decomposition 
in the solid state at 25°C in air and was well 
characterized ( NMR) by the singlet at 8 3.83 for 
the pyridyl methylene groups and (IR) by the uncoordinated 
cyano group band at 2250 cm"-*-.
Reactions: Organometallic Compounds.
Organometallics, in general, undergo a wide variety 
of reactions. 159a was treated with CO by bubbling the 
gas through a refluxing solution of the complex in 
C H 2 CI 2 * benzene and toluene. After 8  hrs. the 
reaction gave unchanged 159a (80%) and starting ligand 
155a (10%) when benzene and toluene were the solvent, 
whereas when C H 2 CI 2 was used, 159a (95%) and no
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starting 155a were isolated. Reagents Mel and EtSSEt with 
159a in benzene in a sealed tube at 50°C for 24 hrs 
afforded only unchanged 159a (90%) from both reactions. 
When 159a was subjected to the Heck reaction conditions 
with either styrene or methyl vinyl ketone (sealed tube) 
in benzene at 80°C for 24 hrs, again only unchanged 
complex was recovered 90% and 80%, respectively.
159a was transformed quantitatively to 155a upon 
treatment with 6N HC1 in MeOH at 25°C. Reaction of 159a 
with H 2 (1 atm) in MeOH at 2 5 °C for 24 hrs afforded 
155a (50%) as well as unchanged 159a (50%); whereas, the 
bulkier 159b was found to react much more slowly with 
H 2 under similar conditions. The ability of larger 
ester alkyl groups to slow the rate of hydrogenolysis on 
the C-metal bond is noteworthy and may be useful in 
synthetic and catalytic applications. Further, 1 59a 
reacted with Br 2 /cci 4  (10% sol.) at 25°C in 2 hrs. 
to afford (1 0 0 %) dibromide 160, which was characterized 
via NMR by a spike at S 3.73 (pyCH^-) 
indicating no spin-spin interactions from vicinal 
hydrogens and via MS by the bromine isotopic pattern at 
M + (523), M++2 (525), and M ++4 (527) in 
s 1-2-1 isotopic ratio for 2-bromines. 159a was also 
trans ligated in the presence of excess y-picoline, the 
free pyridine being displaced (100%) in 12 hrs. at 25°C 
to give 161.
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159a
155a (X=H) 
160 (X=»Br)
A - p ic o l in e
161
The rationale for the marked unreactivity of these 
trans-complexes are not yet known but several factors may 
be hypothesized. Usually steric bulk about the 
metallocyclic ring causes a severe loss in reactivity and 
an increase in metal-C stability. ^ 0  More 
importantly, the sp^ carbon is known to be an 
extremely strong sigma donor as demonstrated by the fact 
that other strong donors (i.e. phosphines) prefer not to 
coordinate trans to carbon when site selection is 
p o s s i b l e . T h e  combination of a stable tridentate 
system, steric bulk on the cyclometallated rings and two 
strong sigma donors trans to each other probably 
contributes to the significant chemical inertness of these 
complexes.
EXPERIMENTAL SECTION.
General Comments. All uncorrected melting points 
were taken in capillary tubes with a Thomas-Hoover 
Uni-Melt apparatus. NMR spectra were determined on
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either a Varian Associates A-60A, Bruker WP-200, or IBM 
NR/80 NMR spectrometer by using CDCI 3 solutions, 
except where noted, with Me 4 Si (.0 1 %) as the internal 
standard. IR spectra were recorded on a Perkin-Elmer 621 
grating-infrared spectrophotometer. Mass spectral (MS)
(70eV) data herein reported as (assignment, rel. int.) and 
were determined by Mr. D. Patterson on a Hewlett-Packard 
HP 5985 GC/mass spectrometer. X-ray structure 
determinations were conducted by Dr. Frank Fronczek.
Reported Rf values were ascertained by a standard 
thin-layer chromatography (TL C ) procedure: Baker-flex®
silica gel IB2-F plates eluting with the stipulated 
solvents. For the preparative thick-layer chromatography 
(ThLC) 2mm silica gel PF-254-366 plates were used.
Elemental analyses were performed by Mr. R. Seab in these 
laboratories. Solvents were purified according to 
k n o w n ^  procedures, unless otherwise noted.
2.6 -Bis(chloromethyl)pyridine (154) was prepared by 
the procedure of Baker et al.^4 from 2, 6 -b i s (hydroxy- 
methyl)pyridine and S 0 Cl 2 : mp 76-77°C ( l i t . mp
74-75°C).
2.6-Bis(2',21-di[methoxycarbonyl]ethyl)pyridine
(155a) was prepared by the procedure reported by Newkome 
et al.29
2.6-Bis(2 1 ,2 '-diCethoxycarbonyl3ethyl)pyridine
(155b). Method A . Sodium metal (580mg, 25mmol) was 
slowly added to absolute EtOH (10mL) under nitrogen. The
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solution was cooled and diluted with anhydrous 
(30inL) and then diethyl malonate (4g, 25ininol) in anhydrous 
E t 2 0  (30mL) was added dropwise. After 30 minutes, a 
solution of 2 ,6 -b i s (chloromethy1 )pyridine (2 .2 g, 1 2 mmol) 
in anhydrous E t 2*3 (40mL) was added dropwise over 30 
minutes. After the addition was complete, the mixture was 
refluxed for 2 hours, cooled, and washed twice with 
H 2 O (lOmL). The aqueous extract was adjusted to pH 7 
with 4N HC1, and the mixture was extracted with CHCI 3 .
The combined organic extract was dried over anhydrous 
MgS 0 4  and concentrated jln vacuo to give a thick yellow 
oil (5.5g), which was chromatographed (ThLC) on silica gel 
eluting with EtOAc-CgH]^ (1:5) to provide four 
major fractions, other than 154.
Fraction A yielded the 1:1 adduct 156, as an oil:
1.09g (28%); Rf 0.20; XH NMR (CCI4 ) 5 1.22 (t, 
ch 2 cH 3 , J - 7 .5Hz, 6 H ), 3.30 (d, pyCH 2 cH,
J- 7 . 5Hz, 2 H ) , 4.00 (t, pyCH 2 CH, J^=7.5Hz, 1 H ), 4.15 (q,
CS.2CH3 ' J-7.5Hz, 4 H ) , 4.58 (s, pyCH 2 Cl, 2 H ) ,
7.07-7.76 (m, pyH, 3 H ) ; IR (neat) 1750 (C-=0), 1730 (C-=0),
1597 (C-C), 1580 (C-C) cm“l ; Anal. Calcd. for 
C 14H 18N04C1: c > 56.08; H, 6.05; N, 4.67.
Found: C, 56.24; H, 6.42; N, 4.57.
Fraction B afforded the desired ligand 155b, as an 
oil: 1.54g (30%); Rf 0.13; NMR (CC14 ) 5 1.22 (t,
c h 2cM.3' J - 7 . 5Hz, 1 2 H ), 3.24 (d, pyCH 2 CH,
J-7. 5Hz, 4H), 4.00 (t, pyCH 2 CH, J-=7.5Hz, 2 H ) , 4.13 (q, 
CH 2 CH3 , J - 7 .5Hz, 8 H), 6.95 (d, 3,5-pyH, J^7.5Hz,
2 H ), 7.45 (t, 4-pyH, J-=7.5, 1 H ) ; IR (neat) 1750 (C^O), 
1730 (C-=0), 1580 (C-=C), 1545 (C^C) cm- 1 ; A n a l . Calcd.
for C 2 1 H 2 8 N08 : C, 59.56; H, 6.90; N, 3.30.
Found: C, 59.23; H, 6.77; N, 3.30.
Fraction C gave the 2:2 compound 157, as a colorless 
oil: 790mg (11%); R f 0.1; NMR (CC14 ) 5 1.21 (t,
C H 2CH3' J - 7 .0Hz, 12H), 3.21 (d, pyCH 2 CH,
J- 7 . 0Hz, 2 H ), 3.30 (s, pyCH2 , 4H), 4.14 (q, J-= 7.0Hz,
CS.2CH3' 4 h )' 4 - 1 7  (t' ch2CH* J - 7 . 0Hz, 1H),
4.20 (q, CH 2 CH3 , J-=7.0, 4 H ), 4.56 (s, qi 2 Cl,
2H), 6.82-7.72 (m, pyH, 6 H); IR (neat) 1726 (CO), 1550
(C-C) cm"^-; An a l . Calcd. for 
c 28h 35n 2°8C1: c ' 59.73; H, 6.26; N, 4.97.
Found: C, 59.40; H, 6.59; N, 4.57.
Fraction D gave the 2:3 compound 158, as colorless 
oil: 620mg (8 %); NMR 5 1.05-1.35 (3t, CH 2 C H 3,
J-7. 0Hz, 18H), 3.37 (d, pyCH2, J-=7.5Hz, 4 H ), 3.40 (s, 
pyCH2 , 4H), 4.0-4.23 (2q, CH 2 CH3 , J^7.0Hz,
4 H ), 6.78-7.60 (m, pyH, 6 H ) ; IR (neat) 1725 (C-=0), 1550 
(C-C) cm"-'-.
Method B . A mixture of 154 (lg, 5.7mmol), diethyl 
malonate (4.0g, 23mmol), and K 2 C0 3 (4.0g, 30mmol) 
in dry DMF^^ (15mL) was stirred at 25°C for 40 hours.
The mixture was filtered, and the residue was thoroughly
washed with CH 2 c l 2 ’ Th® combined organic extract 
was concentrated jUi vacuo to afford a thick yellow oil 
(2.33g), which was column chromatographed on silica gel 
eluting with E t O A c - C g H ^  (1:3) to afford 155b, as 
a colorless oil: 1.98g (82%). This sample was identical
with the sample prepared by Method A.
2,6 -Bis(2-ethoxycarbonyl-3-ketobutyl)pyridine (155c).
To a mixture of K 2 CO 3 (6.25g, 45.2mmol) and ethyl 
acetoacetate (7.3g, 56.6mmol) in dry DMF (35mL) was added 
154 (2.Og, 11.3mmol). The mixture was stirred at 25°C for
2 0  hours, filtered, and concentrated jln vacuo to give a 
crude product, which was chromatographed (ThLC) on silica 
gel eluting with EtOAc-CgH-j^ (1 :2 ) to give the 
desired 2:1-product 155c along with numerous minor side 
products.
The major (61%) fraction was 155c, as a colorless 
oil: Rf 0.31; NMR 5 1.23, 1.24 (2t, CH3CH2 ,
J-=7.5Hz, 6H ) , 2.30, 2.31 (2s, COCH 3 , 6 H ) , 3.24, 3.35 
(2dd, pyCHAHB , J - 1 4 , 7.5Hz, 4 H ), 4.19 (q,
CB2CH3' J - 7 . 5Hz ; t, pyCH 2 CH, J-=7.5Hz, 6 H ),
7.02 (d, 3,5-pyH, J-=7.5Hz, 2 H ) , 7.48 (t, 4-pyH, J^7.5Hz, 
1H); IR (CHCI3 ) 1745 (0 0 ) ,  1725 (C^O), 1595, 1577,
1250 cm- 1 ; MS (70eV) m/e 363 (M+, 10.6), 321 (33), 320 
(100), 318 (34), 274 (45), 248 (51), 202 (70), 160 (51), 
132 (76), 43 (42); A n a l . Calcd. for CigH^sNOg:
C, 62.80; H, 6.93; N, 3.85. Found; C, 62.54; H, 7.09; N, 
3.67.
2.6 -Bis(2-cyano-2-ethoxycarbonylethyl)pyridine 
(155d). To a suspension of K 2 C0 3 (790mg, 5.7mmol)
and ethyl cyanoacetate (770mg, 6 8 mmol) in MeCN (lOmL) was 
added 154 (200mg, 1.lmmol). The suspension was stirred at 
25°C for 24 hours and filtered. The filtrate was 
concentrated jLn vacuo to give an oil, which was 
chromatographed (ThLC) on silica gel eluting with EtOAc- 
C&Hi 2 (1:5) to afford the cyanoester 155d, as a 
colorless oil: 160mg (41%); NMR (60MHz) 5  1.28 (t,
CH 2 CH 3 , J - 7 .0Hz, 6 H ), 3.41 (d, pyCH 2 CH,
J- 6 .0Hz, 4 H ), 4.28 (q, CH 2 CH3 , J-7.0Hz; t,
pyCH 2 CH, J-6.0HZ, 6 H ), 7.15 (d, 3,5-pyH, J^8.0Hz, 2 H ),
7.65 (t, 4-pyH, J-=8.0Hz, 1 H ) .
2.6 -Bis(2,2-dicyanoethyl)pyridine (155e). To a 
suspension of K 2 C0 3 (2.07g, 15mmol) and 
malonitrile (l.OOg, 15mmol) in MeCN (30mL) was added
154 (1.32g, 7.5mmol). The suspension was stirred at 25°C 
for 8  hours, filtered, and concentrated ijn vacuo to give a 
crude oil, which was chromatographed (ThLC) on silica gel 
eluting with C g H ^ - E t O A c  (1 :2 ) to afford the 
desired ligand 155e, which was found to be very unstable 
and decomposed rapidly in solution or on extended 
purification: 630mg (36%); *H NMR 5 3.52 (d,
pyCH2 , J - 7 . 5Hz, 4 H ) , 4.55 (t, pyCH 2 CH, J^=7.5Hz,
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2H), 7.38 (d, 3,5-pyH, J^7.5Hz, 2 H ), 7.86 (t, 4-pyH,
J-7.5Hz, 1H); IR (KBr) 2255 (CN) cm- 1 .
Due to the rapid degradation, further purification 
and obtention of analytical data was deemed impossible.
Palladium(II) Complexes. General Procedure. An 
aqueous solution (20mL) of K 2 PdCl4  (I08mg,
0.33mmol) was added to a solution of the ligand (lOOmg, 
0.33mmol) in EtOH (lOmL), followed by the addition of KOH 
(70mg, 1.2mmol). After 20 minutes, excess of pyridine 
(lmL) was added and the mixture was stirred at 25°C for 3 
hours. The mixture was concentrated jLn vacuo, and the 
Pd(ll) complex was extracted with CH 2 Cl 2 » washed 
with H 2 O, and dried over anhydrous N a 2 SC>4 .
After solvent concentration, the residue was 
chromatographed (ThLC) on silica gel eluting with EtOAc to 
give:
159a, from 155a, as reported by Newkome, et
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159b, from 155b, as yellow brick crystals: mp 148-
153°C (dec) (C6 H 6 -C 6 H 12); 1H NMR §
0.99 (t, CH 3 CH2 # J - 7 .5Hz, 12H), 3.67 (dq,
CHAH BCH3 , J-7.5, 10.5Hz, 4 H ), 3.85 (s, 
pyCH2 . 4 H ), 3.99 (dq, CHaHptCHq, J^=7.5,
10.5Hz, 4H), 7.12 (d, 3,5-pyH, J^ =8 Hz, 2 H ), 7.36 (dd,
3', 5'-pyH, J- 8 , 5Hz, 2 H ), 7.62 (t, 4-pyH, J^ =8 Hz, 1H), 7.78 
(dt, 4 1-pyH, J- 8 , 2Hz, 2 H ), 8.63 (dd, 2',6'-pyH, J^5,2Hz,
2H) ; IR (KBr) 1684, 1670 (C-=0), 1601 (br, C ^ C ) ;
A n a l . Calcd. for C26H 32N 2°8Pd*
1/3H 2 0: C, 50.70; H, 5.40? N, 4.55. Found: C,
50.49; H, 5.39; N, 4.31.
159c, from 155c: mp 140-145°C (dec); lOOmg (45%);
Rf 0.31; XH NMR 5 1.05 (t, CH 2 CH3 ,
J - 7 .5Hz, 3 H ), 1.07 (t, CH 2 CH3 , J-7.5HZ, 3 H ), 1.56 
(s, COCH3 , 3 H ), 1.65 (s, COCH3 , 3 H ), 3.53 (d, 
py CHa , J-14Hz, 2H ), 3.61 (d, pyCH5 , J-=14Hz, 2 H ) ,
3.95 (m, CH 2 CH3 , 4 H ), 7.11 (d, 3,5-pyH, J^ 8 Hz,
2 H ) , 7.48 (dd, 3 ' , 5 '-pyH, J-=7, 5Hz, 2 H ) , 7.61 (t, 4-pyH, 
J- 8 H z , 1H), 7.83 (dt, 4'-pyH, J-=7, 2Hz, 1 H ), 8.52 (dd,
2 1 , 6  ' -pyH , J -5, 2Hz, 2H ) ? IR (CHC13 ) 1660 (C-=0), 1600 
(C-C) cm- X .
159e, from 155e, as a yellow powder: mp 160-170°C
(dec); (20%); XH NMR 5 3.83 (s, pyCH2 , 4 H ), 7.25 
(d, 3, 5-pyH, J- 8 H z , 2 H ), 7.55 (dd, 3',5'-pyH, J-=7.5, 6 Hz 
2H ), 7.78 (t, 4-pyH, J-=8 Hz, 1 H ), 7.90 (dt, 4'-pyH, J^=7.5 
1.5Hz, 1H), 8.84 (dd, 2' , 6 '-pyH, J-=6 , 1.5Hz, 2 H ) ; IR 
(CHC13 ) 2250 (CN) cm- 1 ; Anal. Calcd. for 
c l8H l2N 6P d *(Et2° ) ; C, 53.61; H, 4.50;
N, 17.05. Found: C, 52.94; H, 4.15; N, 16.14.
Reactions of 159a.
A. with H C 1 . A methanolic solution of 159a (25mg) 
was stirred with 6 N HC1 (0.5mL) for 12 hours at 25°C. 
The mixture was neutralized with solid NaHC0 3 and
concentrated ^n vacuo. The residue was washed with 
CHCI 3 , filtered through celite, dried, and 
concentrated in vacuo to give (1 0 0 %) the bis-dimethyl 
malonate. ligand 155a; identical in all respects to an 
authentic sample.
B . with H 9 . A  methanolic solution of 159a 
(25mg) was stirred for 48 hours under a H 2 atmosphere
(1 atm). The mixture was filtered through a small silica 
column to give (50%) the bis-dimethylmalonate ligand 155a 
and unchanged complex 159a (50%).
C. with B r ?. A solution of 159a (25mg) in 
CH 2 CI 2 was stirred with Br 2 (10% in CCI 4 ;
lmL) at 25°C for 1 hour. The solution was treated with 
N a 2 S 2 ° 4  solution until the Br 2 color
disappeared then the solution concentrated in vacuo. The 
residue was column chromatographed on silica eluting with 
CHCI 3 to give (80%) the dibromide 160, as an oil: bp 
102-105°C (1mm); 1H NMR §3.73 (s, pyCH2 , 4 H ),
3.85 (s, OCH 3 , 12H), 7.16 (d, 3,5-pyH, J-=7.3Hz, 2 H ),
7.59 (t, 4-pyH, J^=7.3Hz, 1 H ) ; IR (neat) 1735 (C^O) 
cm- 1 ; MS (70eV) m/e 527 (M++4, 3.7), 525 
(M++2, 6.4), 523 (M+ , 3.0), 444 (M+-Br, 70.0),
332 (M+-CH 5 OBr2 / 76.3), 301 (M+- 
c 2H 8°2Br2' 78.8), 272 (M+- 
C 3 Hg 0 3 Br 2 / 100 )7 A n a l . Calcd. for
c 17H 19N08Br2 : c ' 38.88; H, 3.65; N, 2.67.
Found: C, 38.62; H, 3.75; N, 2.60.
D. with y-Picoline. A solution of 159b (50mg, 
0.08mmol) and y-picoline (lOOmg) in CH 2 CI 2 (5mL) 
was stirred at 25°C for 12 hours. The solvent was removed 
in vacuo, and the residue was chromatographed (ThLC) on 
silica gel eluting with E t O A c - C g H ^  (1 :2 ) to give 
161, as a yellow solid: 49mg (100%); mp 167-168°C; NMR 5
1.0 (t, CH 2 CH3 , J-7Hz, 12H), 2.42 (s, 4 1-pyMe,
3H), 3.65, 3.70 (2q, CHA CH3 , J^7Hz, 4 H ), 3.82 (s, 
pyCH2 # 4 H ) , 3.95, 4.00 (2q, 0CHBCH3, J-=7Hz,
4H), 7.10 (d, 3, 5-pyH, J-=7.5Hz, 2H ) , 7.15 (d, 3 ' , 5 '-pyH, 
J- 8 . 0Hz, 2 H ), 7.6 (t, 4-pyH, J^=7.5Hz, 1 H ), 8.45 (d,
2'/ 6 '-pyH, J- 8 H z , 2 H ) ; IR (KBr) 1665 (C^=0), 1635, 1250, 
1090 (COC) cm-l ; A n a l . Calcd. for 
c 27H 34N 2°8Pd: c » 55.22; H, 5.52; N, 4.51.
Found: C, 55.43; H, 5.93; N, 4.37.
Crystal Data for PdC26H32N20g: mol
wt 606.9; orthorhombic space group Pbcn ; a -9.6261(12)A, 
b-17 . 7003 (17)A, c^=15 . 7943 (14)A ; Z-4; dc-=l.498(2) 
g cm”B ; ji(MoKa) -7. 22 cm"^ ; R-0.024. Of the 2724
data measured 1231 had Fc >3a (F0 ) and were used in the 
refinement.
Chapter 3
Introduction.
Following the successful preparation of the trans 
bis-C-bonded complexes 159, it was of interest to create 
the cis-bis-C-bonded analog. To accomplish this goal, a 
ligand was needed which would possess nitrogens connected 
by a relatively short bridge so as to insure their cis 
geometry. Further, the N-sources would need appendages of 
appropriate length to place the /3 -dicarbonyl unit in 
position to fill the other two C-coordinating sites of the 
Pd(Il) core. By modeling after synthesis of 159, a 
retrosynthetic plan was devised (Scheme 3). 2,2'-Dipyri­
dine was chosen as the bis-N-donor source of the target
: s i s  o f  a
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molecule since its ability to complex transition metals is
prepared or are available in our research laboratories as 
a result of other synthetic goals.
Before complexation-cyclometallation could be 
attempted the 6 ,6 1-disubstituted- 2 ,2 1-dipyridine ligand
well known , ^ 0 0  and the starting materials were
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had to be synthesized. Following the preparation of 155, 
as a model, a retrosynthetic plan starts from 6 ,6 *-bis- 
(hydroxymethyl)-2,2'-dipyridine, as shown in Scheme 4.
Scheme 4.  R e t ro s y n th e t i c  plan f o r  s y n th e s i s  o f  a 
c i s - b i s  m a lo n a te -d ip y r id in e  l igand .
The major initial problem was the need for a convenient, 
simple, high-yield synthesis of 6 ,6 *-b i s (hydroxymethyl)- 
2,2'- dipyridine (163) . Starting from commercially 
available 2 ,2 '-dipyridine would have been ideal; however, 
functionalization of dipyridine with a one-carbon 
homologating agent is marred with numerous obstacles. 
Electrophilic methods common to benzene chemistry such as 
chloromethylation or the Vilsmeier-Haack reactions are 
futile because of the inherent electron deficiency of the 
pyridine ring. -*-01 Nucleophilic methods such as 
methylation via methyllithium led to mono-methylated 
dipyridines owing to the acidity of the initially attached 
methyl group. Radical-induced hydroxymethylation has been 
accomplished on pyridine but the yield and 2 -position 
selectivity are low . ^ 0 2
R
F
OHR
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An alternative to using 2,2'-dipyridine as starting 
material is to begin with a pyridine derivative containing 
an appropriate functionalizable substituent, then form the 
dipyridine unit by known coupling procedures. The 
retrosynthetic plan shown in Scheme 5 is illustrative of 
this procedure.
=> A p  =>
Y
Scheme 5. R e t ro sy n th e t i c  plan  f o r  s y n th es i s  o f  s t a r t i n g  
6 ,6 ' -b is (hydroxynie thy l  ) - 2 ,2 '  -d i  p y r id in e .
Synthesis.
6 ,6 1-Disubstituted dipyridines have been prepared by 
Holm et al. via the Wurtz coupling of 2-lithio-6-bromo- 
pyridinel03 in the presence of copper(ll) chloride 
and oxygen. Subsequent lithium-bromine exchange with 
n-butyllithium in ether at -100<>C , followed by addition of 
N,N-dimethylformamide gave (54%) the desired 6 ,6 *-bis- 
formyl-2,2 1-dipyridine (162). The disadvantages of this 
sequence are: (1 ) the current unavailability and/or
expense of 2 ,6 -dibromopyridine, (2 ) the net molecular 
weight loss throughout this two-step transformation, (3) 
the difficulty associated with the scaling-up of the two 
lithiation steps, and (4) the potentially hazardous 
initial coupling procedure. Although 2,6 -dibromopyridine 
is not commercially available, 2 ,6 -dichloropyridine can be
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easily transformed into 2 ,6 -diiodo- or 2 ,6 -dibromopyridine 
by known or modified procedures .
Sodium borohydride reduction of 162 gave (100%) the 
desired diol 163, which upon treatment with purified 
thionyl chloride afforded (73%) the bis-chloromethyl 
derivative 164. The overall OH-+C1 conversion is greatly 
affected by the purity of the thionyl chloride; thus, 
purification of reagent thionyl chloride by the two-step 
procedure described in Vogel-*-^ can greatly increase 
the yields.
The 1-H NMR spectrum of 164 showed a singlet at 
84.79 for the methylene group and a downfield (compared 
with 163) doublet of doublets (8 7.55) for H-5. The 
symmetrical nature is further indicated by the simple six 
line nmr spectrum; the spike at 5 46.88 is
characteristic of the a-methylene carbon.
Care must be exercised in handling all of these 
halomethyl derivatives since they are extremely irritating
to the skin and mucus membranes.
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Br
OHC N'
162
CHO
HOHjC
f.
C1H/T
.CHjCI
163 164
a nbuLi(-100°C)/ether. ^ CuCl 2 /0 2 « 
cH 3 0 + . d HCONMe 2 /ether(- 1 0 0 °C). 
e NaBH 4 /MeOH. f SOCl2/A .
In order to circumvent the necessity of 2,6- 
dibromopyridine, 2 -bromo- 6 -picoline (165) was synthesized 
from 2-amino-6-picoline (166). General Sandmeyer reaction 
conditions with 166 afforded (2 0 %) 165, along with various 
polybrominated picolines, and substituted 2 -hydroxy-6 - 
picolines. The instability of 2-diazonium-6-pico- 
line-*-06 favors hydrolysis even in concentrated 
hydrobromic acid and in the presence of cuprous bromide. 
Hence, treatment of the orange perbromide, generated in 
situ from 166 with 48% HBr and excess molecular bromine, 
with aqueous sodium nitrite at 0°C, affords an efficient 
intramolecular route to the desired 2 -bromo- 6 -
p i c o l i n e l O ^ .
Direct coupling of 166 to give 169 was attempted via 
the Gomberg-Bachmann and the Gatterman reactions; neither
of these reactions resulted in reasonable (<1 %) yields of 
the desired dipyridine. The coupling of 165 with 
palladium on charcoal using phase transfer 
conditions afforded 6 ,6 1-dimethyl-2, 2'-dipyridine 169 in 
greater than 50% overall yield-*-®®. This sequence is 
albeit longer, but surpassed the direct coupling 
(1 %) of 2 -picoline with palladium on charcoal.-*-®®
165 167166
CM, CH,H,C HjC
169 170
168
a NaN0 2 /H+/HBr/Br2 • b HC 0 2 Na/
5%Pd-C/benzyltriethylammonium chloride/32% Na0H/H 2 0. 
c same conditions as described under b, except for the 
use of a stainless steel reactor.
Prior to the diazotization step, amine 166 can 
undergo electrophilic bromination in a manner analogous to 
aniline, if the temperature is not maintained at <0°C, 
whereupon subsequent diazotization gave the polybrominated 
products 167 and 168. Although these ring-brominated 
products can be removed in the purification (distillation)
stage, subjecting the mixture of 165 and 167 to the 
coupling procedure in a glass vessel, along with 169, the 
cross-coupled product 170 was isolated. If, however, a 
stainless steel reactor was used, only 169 was obtained; 
supposedly 170 underwent a reductive debromination under 
the conditions.
Bis-N-oxide 171 was readily prepared by treatment of 
169 with excess peracetic acid-HO. The well-defined 
NMR spectrum of 169 is transformed into an 
ill-defined multiplet for the heteroaryl region for 171. 
The NMR spectrum of 171 showed a collapse of the
peaks for C3, C4, and C5 as well as an upfield shift for 
the a-methyl carbon. The C3 and C5 assignments for the 
dipyridine given in the Experimental Section are not in 
agreement with literature assignments.m  Since 
correct assignments are important, the rationale for the 
assignments is given. In 169, the chemical shifts for C3 
and C5 are 118.0 and 122.9 ppm, whereas in the 5-bromo 
derivative 170, these resonances are 119.9, 117.9, 121.2, 
and 123.2 ppm for C3, C 3 1, C5, and C5', respectively. 
These assignments are based on peak intensities and the 
effect of the 5-bromo substituent. X-ray analysis on 
5-bromo-6,6 1-dimethyl-2, 2'-dipyridine palladium(II) 
complex confirms the bromine substituent to be in the 
5-position. The effect of a bromo substituent,
as in 3-bromopyridine and bromobenzene, is an
upfield shift (ca. 2 ppm) of the attached carbon 
resonance. Furthermore, since the low-intensity peak in 
170 at 121.2 ppm has a multiplicity of one in the 
off-resonance spectra, it can be unambiguously assigned to 
C5. Further confirmation was gained from selective 
proton-decoupled -^C NMR experiments. When 171 is 
refluxed with redistilled acetic anhydride, the diester 
172 is generated (72%), along with several ring 
substituted p r o d u c t s T h e  overall yields of 172 
were not . improved appreciably by the addition of 
triethylamine, sodium acetate, or acetic acid; however, 
the reaction was best conducted under high-dilution 
conditions. In the and -^C NMR spectra of 172, 
the a-methylenic singlet at §5.31, as well as the peak at 
§ 66.99, are indicative of the acetoxymethylene moiety. 
Various acid and base hydrolysis procedures were attempted 
on 172, all of which resulted in low conversion to diol 
163; therefore, 172 upon treatment with anhydrous 
potassium carbonate in ethanol was quantitatively 
transesterified to diol 163. Subsequent treatment of 163 
with purified thionyl chloride gave 164.
163 173
a 30% H 2 0 2 /AcOH. b A c 2 0/A. 
c K 2 C0 3 /Et0H. d S0C1 2 /A- e
ncs/(c 6 h 5 co 2 )2 /cci4 .
The procedures delineated by Ash and Pews were 
attempted in order to transform the bis-N-oxide 171 
directly into 164. ti-ie optimal conditions
previously described for 2-picoline N-oxide (equal, 
simultaneous, and separate addition of phosphoryl chloride 
and triethylamine to 171 in C H 2 C12 ) did work.
However, from the resultant mixtures of chlorinated 
products, 164 was isolated (<28%) but purification was 
difficult and no yield advantages were realized. 
£-Toluenesulfonyl or benzenesulfonyl chloride have been 
reported to be effective chlorinating agents with 
2-picoline N-oxide. Treatment of 171 with either of these 
reagents in benzene, toluene, or chloroform gave no 
reaction with or without added base (e.g. triethylamine or
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sodium arylsulfonate). The bis-N-oxide proved to be inert 
even to neat benzenesulfonyl chloride or molten 
£>-toluenesulfonyl chloride.
2-Picoline upon treatment with a mixture of chlorine 
gas, excess anhydrous sodium carbonate, and a trace of 
water in CCI 4  at 65°C gave an excellent yield of 
2 -chloromethylpyridine with good s e l e c t i v i t y 5 
surprisingly when 169 was subjected to identical reaction 
conditions a complex mixture of chlorinated products was 
obtained. The action of N-chlorosuccinimide (NCS) on 169 
generated (65%) the desired sym-dichloride 164. Unchanged 
starting material as well as tetrachloride 173 were also 
isolated; the latter was characterized ( NMR) 
especially by the singlet at §6.80 for the methyne 
hydrogen. No unsymmetrical or hexachlorinated products 
were observed. The reaction conditions, concentration, 
stoichiometry, temperature, and time, were found to 
alter drastically the outcome of the preparation if even 
small changes were made in any of the listed factors. The 
conditions given in the Experimental Section are optimum 
for the desired product 164. The beauty of the reaction 
is that the product can be fractionally crystallized from 
by-products 169 and 173 with high selectivity. Use of 
N-bromosuccinimide (NBS) under diverse reaction 
c o n d i t i o n s * ^  gaVe complex brominated products —  all 
in low yields.
EXPERIMENTAL SECTION.
General Comments are the same as those given in 
Chapter 2. 1 3  NMR spectra were determined on either a
Bruker WP-200, or IBM NR/80 spectrometer, by using 
CDCI 3 solutions, except where noted, with CDCI 3 as 
internal standard.
6 ,6 '-Diformyl-2,2'-dipyridine (162) was prepared by 
known procedures from 6 ,6 1-dibromo- 2 ,2 1-dipyridine via the 
action of the dilithio intermediate on D M F . 1 0 3  The 
dialdehyde was recrystallized from xylene: 54%? mp
236-237°C (lit. 1 0 3  mp 235°C).
6 ,6 '-Bis(hydroxymethyl)-2,21-dipyridine (163). To a 
stirred suspension of 6 ,6 1-diformyl- 2 ,2 '-dipyridine ( 2 g,
8.3 mmol) in absolute MeOH (100 mL), NaBH 4  (1.1 g, 28 
mmol) was added in small portions. The reaction mixture 
was stirred at 40-50°C for 12 hours. After cooling to 
25°C, acetone (2 mL) was added and the mixture was stirred 
for fifteen minutes, followed by concentration in vacuo.
A N a 2 C 0 3  solution (20 m L ; 10%) was added to the
residue, followed by concentration to dryness. The white
solid residue was recrystallized from H 2 O (100 mL) to
give the diol, as a white crystalline solid: 2.0 g (99%);
mp 146-147°C 7 ^  NMR 5 4.85 (s, pyCH2 , 4 H ), 7.28
(d, 5-pyH, J-8.0HZ, 2H), 7.85 (t, 4-pyH, J-8.0HZ, 2 H ),
8.36 (d, 3-pyH, J^=8.0Hz, 2 H ) ; 13C NMR 5 64.01 
(pyCH2 ), 119.64 (C3), 120.58 (C5), 137.64 (C4), 154.38
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(C 6 ) , 158.37 (C 2 ); IR (KBr) 3400 (OH), 1675, 1440, 1050 
cm- 1 ; MS m/e 216 (M+ , 50), 215 (M+-H, 1 0 0 ),
197 (M+-H 3 0, 43), 186 (M+-CH 2 0, 36); A n a l .
Calcd. for C^2H 12N 2°2: C ' 66.63; H, 5.60;
N, 12.96. Found: C, 66.81; H, 5.69; N, 13.04.
6 ,6 1-Bis(chloromethyl)-2,2'-dipyridine (164). To 
SOCI 2 (5 mL) precooled to 0°C, 6 ,6 '-bis-(hydroxy- 
methyl)-2,21-dipyridine (1.20 g, 5.5 mmol) was added in 
small portions under nitrogen. After the addition, the 
clear yellow solution was refluxed for 1 hour, cooled, and 
excess SOCI 2 was removed iri vacuo. The residue was 
neutralized with 1 0 % aqueous N a 2 C 0 3  solution, and 
then extracted with CHCI 3 (3 x 50 mL). The combined 
CHCI 3 extract was dried with anhydrous MgSC>4 , and 
concentrated ^n vacuo to afford a light pink solid, which 
was recrystallized from CHCl 3 -CgH ^ 2  (Isl) to 
give the dichloride, as white crystals: 1.0 g (73%); mp
157-158°C; 1H NMR 5 4.79 (s, pyCH2 , 4 H ), 7.55 (dd,
5-pyH, J 5 > 4 -7 .8H z , J 5 <3 ^1.2Hz, 2 H ), 7.91 (t,
4-pyH, J 4# 5 =^J4 , 3 =^7 . 8Hz, 2 H ), 8.49 (dd, 3-pyH,
J3, 4 -7 . 8 H z , J 3 f 5 -1 . 2Hz ) ; 13C NMR 5 46.88
(pyCH2 ), 120.43 (C 3 ), 122.77 (C5), 137.87 (C4), 155.32
(C6 ), 156.10 (C 2 ); IR (KBr) 1540, 1420, 1380, 1240, 1068
cm- 1 ; MS m/e 252 [M+ (23 5 C1), 100], 254
[M++2 (3 5 C1, 3 7 C1), 53], 256 [M++4
(23 7 C1), 15], 217 (M+-C1, 41); Anal. Calcd. for
C12H 10N 2C 1 2 : c » 56.92; H, 3.98, N, 11.07.
Found; C, 56.80; H, 3.87; N, 11.05.
2-Bromo-6-picoline (165) was prepared (89%) by a 
known procedure 1 8 7  from 2 -amino- 6 -picoline via a 
diazonium intermediate; bp 62-65°C (4 mm) [lit . 1 8 7  b p 
91-92°C (25 mm)]; 1H NMR 5 2.50 (s, pyCH3 , 3 H ),
7.09 (d, 5-pyH, J^7.5Hz, 1H), 7.25 (d, 3-pyH, J-=7.5Hz, 
1H), 7.42 (t, 4-pyH, J-7.5Hz, 1 H ); IR (neat) 1650 (s, 
C-C), 1590, 1450 cm- 1 ; MS m/e 173 [M+ (8 lB r )+2,
50], 171 [M+ (7 9 B r ), 43], 92 (M+-Br, 100).
2.5-Dibromo-6-picoline (167) was isolated (6 %) from
the above reaction: mp 33-35°C (lit. 1 1 7  mp 33-35°C);
iH NMR 5  2.62 (s, pyCH3 , 3 H ), 7.18 (d, 3-pyH,
J- 8 .0 Hz, 1H), 7.65 (d, 4-pyH, J-=8.0 Hz, 1 H ) ; MS m/e 249
[M+ (7 9 Br), 63], 251 (M++2, 100), 253
(M++4, 59), 170 (M+-79, 58); IR (KBr) 1535, 1397,
1127, 1002, 795cm"1 .
2.3.5-Tribromo-6-picoline (168) was isolated (3%) 
from the above reaction: mp 70-72°C (lit. 1 1 8  mp
75-76°C) ; 1H NMR 5  2.59 (s, pyCH3 , 3 H ), 7.98 (s,
4-pyH, 1H); MS m/e 327 [M+ (7 9 Br), 30], 329
(M++2, 100), 331 (M++4, 8 6 ), 333 (M++6 , 33),
248 (M+-79, 40); IR (KBr) 1542, 1388, 1028, 892,
700cm- 1 .
An alternate work-up procedure can be: after
neutralization, the mixture is steam distilled, followed
90
by separation of the colorless oil, drying, and vacuum 
distillation.
6 ,6 '-Dimethyl-2,21-dipyridine (169). A mixture of 
2-bromo-6-picoline (6 8 . 8  g, 0.4 mol), sodium formate 
(40.8 g, 0.6 mol), 5% Pd/C (2.4 g), benzyl triethyl- 
ammonium chloride (16 g, 60 mmol), 32% NaOH (w/w, 40 mL), 
and water (120 m L ) was refluxed in a stainless steel (316 
ss) reactor for 48 h adding sodium formate and catalyst at 
4-8 h intervals, as required. The reaction progress, 
disappearance of starting bromide, can be conveniently 
monitored by TLC [silica gel, EtOAc-CgH]^ (1:2)].
The mixture was filtered, extracted (CH2 CI 2 ), 
dried, concentrated, and distilled in vacuo. The 
distillate was dissolved in CH 2 CI 2 and extracted 
with IN HC1. The aqueous extract was subjected to 
aspirator vacuum, neutralized with NaHC03, affording a 
solid, which was filtered and dried to give 6 ,6 1-dimethyl- 
2, 2' -dipyridine: 18.4 g (50%); bp 105-106°C(2 mm); mp
88-89°C (lit. 1 0 9  mp 89-90°C); 1H NMR § 2 . 6 3  (s, 
pyCH3 , 6 H ), 7.15 (d, 5-pyH, J^=7.5Hz, 2 H ), 7.69 (t,
4-pyH, J - 7 . 5Hz, 2 H ) , 8.19 (d, 3-pyH, J^=7.5Hz, 2H); 13C 
NMR § 24.55 (pyCH3 ), 118.02 (C3), 122.87 (C5), 136.80 
(C4), 155.84 (C 6 ), 157.68 (C2); IR (KBr) 1600, 1450, 1280,
1050 cm- 1 ; MS m/e 185 [M++1, 12.6], 184 (M+ ,
100), 183 [M+-1, 52], 169 [M+-CH3 , 25].
If a glass reactor is used and a mixture of 165 and 
167 are coupled under identical conditions, along with 
169, a 5-bromodipyridine 170 is obtained: mp 94-96°C;
%  NMR 8 2.58, 2.70 (2s, CH3 , 6 H ), 7.07 (d,
5 1 -pyH, J- 8 . 0 Hz, 1H ), 7.59 (t, 4'-pyH, J^=8.0 Hz, 1H),
7.80 (d, 4-pyH, J^=9.0 Hz, 1 H ), 8.13 (d, 3-pyH, J-=9.0 Hz, 
1H), 8.19 (d, 3 1-pyH, J- 8 .0 Hz, 1 H ); 13C NMR 8 24.55,
25.06 (pyCH3 ), 117.91(03'), 119.86(03), 121.44(05), 
123.24(05'), 136.95(04'), 140.37(04), 154.59(06), 
154.88(06'), 156.39(02), 158.00(02'); MS m/e 264 
(M++2, 100), 262 [M+( 7 9 Br), 98], 183 
(M+-Br, 18); IR (KBr) 1555, 1425, 1020, 795 cm- 1 ;
A n a l . Calcd. for C ^ 2 H llN 2 Br: C, 54.78; H,
4.21; N, 10.65. Found: C, 54.80; H, 4.08; N, 10.57.
6 ,6 '-Dimethyl-2, 2 '-dipyridine Di-N-oxide (171). A 
mixture of 6 ,6 '-dimethyl-2, 2 '-dipyridine (35 g, 0.19 mol), 
30% H 2 O 2 (140 niL), and glacial AcOH (140 mL) was 
stirred at 90°C for four hours. An additional 140 mL of 
30% H2°2 an<3 7 9  mL of glacial AcOH were added and 
the solution stirred at 90°C for twelve hours. The 
mixture was cautiously concentrated, repeatedly diluted 
with water and concentrated in vacuo [Note: Explosions
have been reported when using 30%
Exercise due care when concentrating any solutions 
containing peroxides. Use no less than 4 reaction volumes 
of water to dilute the mixture when following the
procedure given here]. The resulting viscous liquid, upon 
standing, crystallized and was filtered. The mother 
liquor was concentrated, allowed to crystallize, and was 
filtered; this procedure being repeated several times. 
Alternately the crude di-N-oxide can be neutralized with 
aqueous NaHCC>3 and extracted with CHCI 3 . 'I^ ie 
extract was dried, concentrated, and the crude product 
recrystallized from CHCI 3 -C 6 H 1 2  to give the 
di-N-oxide, as white crystals: 35 g (85%); mp 220°C
(dec); 3H NMR 5 2.52 (s, pyCH 3 , 6 H ), 7.28 (m, pyH,
6 H ); 13C NMR 5 17.46 (py£H3 ), 124.18 (C3), 125.04 
(C5), 126.53 (C4), 143.12 (C6 ), 149.22 (C2); IR (KBr)
1610, 1440, 1375, 1220 cm- 1 ; MS m/e 216 (M+ , 100),
199 (M+-0H, 65), 92 (C6 H 6 N+, 57), 65 
(0 5 8 5 +, 67); A n a l . Calcd. for
c 12h 12n 2°2: c > 6 6 *6 5 '* 5.59; N, 12.96.
Found: C, 66.69; H, 5.32; N, 12.79.
6,6'-Bis(acetoxymethyl)-2,2l-dipyridine (172). A 
solution of 6 ,6 '-dimethyl-2, 2'-dipyridine di-N-oxide (35 
g, 162mmol) in distilled A C 2 O (350 mL) was refluxed 
for 15 minutes. The dark reaction mixture was 
concentrated in vacuo, and the resulting solid was 
dissolved in C H 2 Cl 2 » washed with a 1 0 % aqueous 
N a 2 cC>3 solution, dried, and reconcentrated 
in vacuo. The crude product was passed through a short 
silica gel column eluting with CH 2 C 1 2 - The eluant
was concentrated and the product recrystallized from 
E t 2 0/pet. ether (bp 30-60°C) to give the diester, as 
white crystals: 35 g (72%); mp 102-104°C; 3H NMR 5
2.19 (s, COCH 3 , 6 H ), 5.31 (s, pyCH2 , 4 H ), 7.37 (d,
5-pyH, J- 8 . 0Hz, 2 H ), 7.83 (t, 4-pyH, J-=8.0Hz, 2 H ), 8.37
(d, 3-pyH, J- 8 .OHz, 2 H ); 13C NMR §20.90
(COCH3 ), 66.99 (pyCH2 ), 120.19 (C3), 121.52 (C5),
137.48 (C4) , 155.24 (C6 ), 155.48 (C2), 170.58 (C-=0); IR 
(KBr) 1730 (C=0), 1580, 1250 cm- 1 ; MS m/e 300 (M+ ,
15), 257 [(M+-C 2H 3 0), 100], 215 
(Ci2 HiiN2°2+ ,45), 43 
(c 2^30 + » 43); A n a l . Calcd. for: 
c 16h 16n 2° 4 : C ' 6 3 -99; H, 5.37; N, 9.33.
Found: C, 63.73; H, 5.26; N, 9.37.
6 ,6 *-Bis(hydroxymethyl)-2,21-dipyridine (163). A 
suspension of 6 ,6 '-b i s (acetoxymethyl)-2 ,2 1-dipyridine ( 2 0  
g, 67 mmol) and anhydrous K 2 C 0 3  (30 g, 220mmol) in 
EtOH (200 mL) was stirred for one hour. The mixture was 
filtered and concentrated in vacuo to give the diol, as a 
white powder: 14 g (97%); mp 146-147°C.
6 ,6 '-Bis(chloromethyl)-2,21-dipyridine (164) via NCS 
A stirred mixture of 6 ,6 '-dimethyl-2, 2 1-dipyridine (3.6 g 
20 mmol), NCS (6.50 g, 50 mmol), and benzoyl peroxide (50 
mg) in CCI 4  (108 mL) was refluxed for 24 hours. The 
reaction mixture was concentrated in vacuo, dissolved in 
CH 2 Cl 2 » and washed with a saturated N a 2 C0 2
solution, then a saturated NaCl solution. The organic 
layer was dried, concentrated in vacuo, and the residue 
was recrystallized [C^H-j^] to give the desired 
sym-dihalide, as colorless cystals: 2 g (40% actual
isolated yield); mp 157-158°C.
NMR analysis of the crude product, prior to 
recrystallization indicated a 70% conversion to the 
sym-dihalide.
The mother liquor was purified by column 
chromatography (silica gel) eluting with CgH^ 2 -
C H 2 CI 2 (90:10) to give: (a) starting material
(10%); (b) the sym-dihalide (ca. 25%); and (c) 6 ,6 '- 
bis(dichloromethyl)-2 ,2 1-dipyridine (173), as colorless 
crystals: 1.2g (20%); mp 115-117°C; -*-H NMR 5 6.80 (s,
pyCHCl 2 # 2 H ) , 7.82 (dd, 5-pyH, J =^8 , 3Hz, 2 H ), 7.96 (t,
4-pyH, J- 8 H z , 2 H ), 8.48 (dd, 3-pyH, J-=8 , 3Hz, 2 H ) ; MS m
320 [M+ (3 5 C1), 30], 285 (M+-C1, 100);
A n a l . Calcd. C^2H 8N 2<'-*-2: c » 44.76; H,
2.50; N, 8.70. Found: C, 44.73; H, 2.48; N, 8 .6 8 .
Chapter 4
Introduction.
With the successful preparation of a suitable 
starting material for a tetradentate bis-C-bonded 
metallocycle firmly in hand, attention was directed to 
developing methods for the initial step of cyclo- 
metallation; N-metal coordination. Perusal of the 
literature provided few examples of methods for forming 
complexes of 6 ,6 ‘-disubstituted- 2 ,2 1-dipyri- 
dines.120,121 Each of the procedures cited used
MeMe'
Me MeM*Pd,Pt,Cu,Co,Zu
aqueous reaction conditions in which to form the 
complexes. Unfortunately, aqueous procedures were not 
desirable for ligand manipulations since (1 ) the N- 
coordinated Pd and Pt adducts have little solubility in 
water, and (2) the C-metal bond forming reaction requires 
base which might catalyze concommitant ester hydrolysis.
Reaction conditions were sought that would take 
advantage of either a polar or coordinating anhydrous 
solvent which would allow smooth formation of the
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N-coordinated intermediates. 6 ,6 '-Dimethyl-2, 2'- 
dipyridine was chosen as a model ligand because of its 
ready availability and its solubility approached that of 
the more complicated tetraester ligands.
Synthesis.
Pure, air-stable complexes 174-178 of 6 ,6 1-dimethyl- 
2, 2 1 -dipyridine were prepared by stirring 169 preferrably 
in acetonitrile or THF with an appropriate metal halide.
Me-
MCI,
174 M«Pd
Me"
Me
169
175 M-Pt
176 M-Cu
177 M-Co
176 M-Zu
For complexes 174 and 175, Pt or Pd
(CgHgCN) 2 <“l 2 Was use^ as the starting
reagent; however, benzonitrile, the by-product was
undesirable and thus L i 2 PtCl4  or L i 2 PdCl4
was preferred. In water 174 and 175 are insoluble while
176 and 177 are freely soluble and the zinc complex 178 is
only moderately soluble. The complexes are sparingly
soluble in chlorocarbons. In general, these complexes are
only moderately stable in water in that upon extended
dissolution the free ligand can be quantitatively
recovered by hydrocarbon extraction.
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Results and Discussion.
Comparative NMR spectal data support the 
anti-orientation for free 169 by the downfield doublet at 
5 8.19 for H - 3 . ^ 2 2  upon complexation, the signal for 
H-3 shifts upfield (A-0.2) resulting from a combination of 
anti to syn isomerization (ca. A S -1.0) and the back 
donation of the metal d electrons (ca. AS - 0.8).*23 
Upon complexation, the slight upfield shift experienced 
by H-4 reflects both the inductive and resonance 
contribution of the complexed metal atom. The dramatic 
differences between the Pd and Zn complexes are attributed 
to the fact that all Zn(II) d orbitals are full and 
repulsion between the electrons in these orbitals and the 
N-electrons are distributed over the pyridyl rings. The 
methyl chemical shift is insensitive to the different 
metal ions.
The infrared spectral data of all of the complexes 
are nearly superimposible. Subtle differences are in no 
cases greater than 10-15 cm- 1 .
In the UV spectrum, cobalt complex 179 exhibits a 
maximum at 670nm with a molar absorptivity of 5 x 1 0 ^# 
which coupled with its intense blue coloration is 
indicative of a tetrahedral geometry. The Pd(II) and 
Pt(Il) complexes are square planar, whereas the Zn(II) and 
Cu(II) complexes are either tetrahedral or distorted
tetrahedral, based on their spectral relationships to 
known complexes.
The synthetic techniques, previously described for 
174, were applied to the more complicated tetraester 179; 
complex 180 is thus formed (70%). In order to examine the
PdCl.
179 180
structure of these complexes in more detail, an X-ray 
crystal structure of 180 was determined. The geometry of 
180 is most unique in that the best plane of the four 
donor atoms surrounding the metal is acutely bent by 
ca. 40° out of the best plane of the dipyridine ligand. 
This complex also exhibits other unexpected molecular 
distortions. These can be described by the following 
definitions: (1) the out-of-plane distortions of the
coordination plane (d^ and d 2 ? can be quantified 
by the perpendicular distances of the two chloride atoms 
from the plane defined by Pd and the two N-donor atoms 
(Fig. 5). A positive sign for d is chosen to be a 
distortion which increases the Cl distance from the
6-substituents. If d^-d 2 » a pure pyramidal 
distortion of the metal would be indicated.
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(2) The angle /3 for each aromatic ring is a measure 
of the acute tilt of the ring away from the expected 
coordination geometry. It is defined as the acute angle 
which the Pd-N bond makes with its orthogonal projection 
upon the plane. (3) The angle y is a measure of the 
distortion of the dipyridine ligand itself from its 
expected planar geometry. It is defined for each pyridine 
ring as the acute angle formed by the connecting 
dipyridine C-C bond and its orthogonal projection onto the 
plane of the ring. Table 4 lists these quantities as well 
as other structural features of importance for complex 
180.
In 180, the metal is distorted towards pyramidal 
coordination, as specified by the similar positive values 
of d^ and d 2 » the aromatic rings are tilted by an 
average 18.6° away from their expected geometries, and the 
dipyridine moiety is "bowed" away from perfect planarity 
by a total angle of 20.3° ( +  y 2 )- Furthermore, 
neither ring is strictly planar in that each has a slight 
pucker [avg. deviation from a best plane: 0.026(2)A and
0.032(2)A for rings 1 and 2, respectively] in a 
pseudo-chair fashion (Fig. 6). In order to gain better 
insight into these unexpected distortions, the less 
cumbersome Pd(II) complex 174 was structurally analyzed.
Complex 174 is unencumbered by large ester 
substituents, but is strikingly and unexpectedly similar
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Figure 5. D i s t o r t i o n s  f o r  ( d ip y r i d i n e ) p a n a d i u m ( I I )  complexes.
Table 4 .  Critical Measurements for 1 7 4 ,  1 8 0 ,  & 1 8 1 .
180 174 181
Pd-Cl(l)
Pd-Cl(2) 
Pd-N(l)
Pd-N(2)
C l (1) -Pd-Cl(2) 
N (1)-Pd-N(2)
N (1) -Pd-Cl(1)
N (1)-Pd-Cl(2)
N (2)-Pd-Cl(1)
N (2)-Pd-Cl(2)
*1
d2
01 
02
n
2^
2 . 2 8 3 ( 1 ) A 
2 . 2 8 6 ( 1 ) A 
2 . 0 4 8 ( 2 ) A 
2 . 0 4 0 ( 2 )A 
8 7 . 9 0 ( 3 )  
7 9 . 8 8 ( 9 )  
9 6 . 1 5 ( 7 )  
1 6 8 . 8 7 ( 7 )  
1 7 1 . 1 6 ( 7 )  
9 4 . 6 2 ( 7 ) °  
0 . 3 1 5 ( 1  )A 
0 . 3 8 6 ( 1  )A 
1 8 . 5 °  
1 8 . 7 °  
10.2° 
10.1°
2 . 2 8 7 ( 1 ) A 
2 . 2 9 2 ( 2 ) A 
2 . 0 6 2 ( 4 ) A 
2 . 0 5 0 ( 4 )A 
8 6 . 3 2 ( 5 ) °  
8 0 . 0 ( 2 ) ° 
9 5 . 9 ( 1 ) °  
1 6 7 . 0 ( 1 ) ° 
1 7 2 . 0 ( 1 ) ° 
9 6 . 2 ( 1 ) °  
0 . 2 7 7 ( 2  )A 
0 . 4 9 6 ( 1  )A 
1 8 . 8 °  
1 6 . 8 °
7 . 5 °
8 . 5 °
2 . 2 9 9 ( 1 ) A 
2 . 2 9 9 ( 1 )A 
2 . 0 6 3 ( 2 ) A 
2 . 0 2 3 ( 2 ) A 
8 8 . 5 4 ( 3 ) °  
8 0 . 1 ( 2 ) ° 
9 8 . 1 7 ( 6 ) °  
1 7 3 . 1 9 ( 6 ) °  
1 6 6 . 3 9 ( 7 ) °  
9 3 . 7 0 ( 6 ) °  
0 . 5 3 8 ( 1 ) A 
- 0 . 1 1 0 ( 1 )A 
7 . 3 °  
1 5 . 2 °
6 . 9 °
6 . 7 °
Figure 6. ORTEP drawing of  180.
o
Table 5. Bond Lengths and Angles for 180.
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Atoms Distance (A)
Pd-Cl1 2.283(1)
Pd-Cl2 2.286(1)
Pd-Nl 2.048(2)
Pd-N2 2.040(2)
Nl-Cl 1.344(4)
N1-C5 1.370(3)
N2-C6 1.372(4)
N2-C10 1.334(4)
01-C13 1.317(4)
01-C17 1.443(4)
02-C13 1.202(4)
03-C14 1.187(4)
04-C14 1.330(4)
04-C15 1.476(5
05-C21 1.297(5)
05-C22 1.449(5)
06-C21 1.191(5)
07-C24 1.172(4)
08-C24 1.309(4)
08-025 1.468(5)
01-C2 1.395(4)
Atoms Angle
Cl1-Pd-Cl2 87.90(3)
Cl1-Pd-Nl 96.15(7)
Cll-Pd-N2 171.6(7)
C12-Pd-Nl 168.87(7)
C12-Pd-N2 94.62(7)
Nl-Pd-N2 79.88(9)
C13-01-C17 118.1(3)
C14-04-C15 116.4(3)
C21-05-C22 117.9(4)
C24-08-C25 116.6(3)
Pd-Nl-Cl 131.9(2)
Pd-Nl-C5 107.0(2)
C1-N1-C5 119.3(2)
Pd-N2-C6 107.3(2
Pd-N2-C10 131.2 2
C6-N2-C10 120.1(2)
N1-C1-C2 120.4(3)
N1-C1-C19 120.2(3)
C2-C1-C19 119.3(3)
C1-C2-C3 119.5(3)
C2-C3-C4 119.7 3)
C3-C4-C5 119.5(3)
N1-C5-C4 121.0 3)
N1-C5-C6 114.9(2)
C4-C5-C6 123.7(3)
N2-C6-C5 114.8(2)
N2-C6-C7 120.6(3)
C5-C6-C7 124.4(3)
C6-C7-C8 118.3(3)
Atoms Distance (A)
C1-C19 1.523(4)
C2-C3 1.374(5)
C3-C4 1.365(5)
C4-C5 1.376(4)
C5-C6 1.474(4)
C6-C7 1.385(4)
C7-C8 1.375(5)
C8-C9 1.369(5)
C9-C10 1.385(4)
C10-C11 1.507(4)
C11-C12 1.547(4)
C12-C13 1.522(5)
C12-C14 1.516(4)
C15-C16 1.348(9)
C17-C18 1.469(6)
C19-C20 1.527(4)
C20-C21 1.499(5)
C20-C24 1.527(5)
C22-C23 1.331(8)
C25-C26 1.217(8)
Atoms Angle
C7-C8-C9 120.1(3)
C8-C9-C10 120.1(3)
N2-C10-C9 119.9(3)
N2-C10-C11 119.4(3)
C9-C10-C11 120.60(3)
C10-C11—C12 112.7(3)
C11-C12-C13 112.3(3)
C11-C12-C14 111.3(3)
C13-C12-C14 110.9(3)
01-C13-02 124.8(3)
01-C13-C12 109.7(3)
02-C13-C12 125.5(3)
03-C14-04 124.7(3)
03-C14-C12 125.4(3)
04-C14-C12 109.8(3)
04-C15-C16 110.4(6)
01-C17-C18 107.9(3)
C1-C19-C20 112.4(2)
C19-C20-C21 114.3(3)
C19-C20-C24 110.5(3)
C21-C20-C24 109.1(3)
05-C21-06 124.3(4)
05-C21-C20 111.6(3)
06-C21-C20 124.2(4)
05-C22-C23 113.7(5)
07-C24-08 124.8(3)
07-C24-C20 124.7(3)
08-C24-C20 110.5(3)
08-C25-C26 115.4(6)
Table 6. Coordinates
PTDM X Y Z PTW
" * ——
PD 0.1055912) 0.25669(1) 0.29620(2) C8
C9
CL1 0.33201(8) 0.32004(5) 0.30725(8)
C10
CL2 0.12079(9) 0.31456(6) 0.43946(0)
CM
01 0.0569(2) 0.0447(1) 0.3419(2) C12
02 0.1390(3) O.00S3(2) 0.5020(2) C13
03 0.1309(3) 0.1534(2) 0.6604(2) C14
04 0.2898(2) 0.1262(2) 0.5065(3) CI5
OS 0.3875(3) 0.0555(2) 0.1572(3) C16
06 0.2022(3) 0.0632(2) 0.2000(4) C17
07 0.6094(2) 0.1556(2) 0.2005(3) C10
00 0.5280(2) 0.0984(2) 0.4085(3) C19
C20
HI 0.2100(2) 0.2130(1) 0.1586(2)
C21
N2 0.0451(2) 0.2003(1) 0.2650(2)
C22
Cl 0.3011(3) 0.2040(2) 0.1019(3) C23
C2 0.2930(3) 0.1973(2) -0.0112(3) C24
C3 - 0.1909(3) 0.1974(2) -0.0720(3) C25
C4 0.0984(3) 0.2000(2) -0.0221(3) C26
C5 0.1086(3) 0.2068(2) 0.0097(3)
C6 0.0160(3) 0.1994(2) 0.1539(3)
C7 -0.0915(3) 0.1050(2) 0.1092(3)
-0.I667( 3) 
-0.1333( 3) 
-0.0254( 3) 
0.0I47( 3) 
0.1247( 3) 
0.1096< 3) 
0.1B22C 3) 
0.35701 5) 
0.3734( 9) 
0.04t4( 4) 
-0.0288C 6) 
0.4I35( 3) 
0.4122( 3) 
0.3531( 3) 
0.33521 6) 
0.2719(11) 
0.52941 3) 
0.63531 4) 
0.65291 7)
0.169912) 
0.163712) 
0.170312) 
0.166612) 
0.126912) 
0.0S1712) 
0.136612) 
0.133914) 
0.073015) 
-0.023312) 
-0.010413) 
0.199012) 
0.150912) 
0.005012) 
-0.007013) 
-0.002414) 
0.135012) 
0.0782(5) 
0.0960(5)
6.1700(4)
0.2086(3)
0.3310(3)
0.4503(3)
6.4606(3)
0.4414(3)
0.5041(3)
0.6930(5)
0.7437(7)
0.2900(4)
0.1922(5)
0.1707(3)
0.2670(3)
0.2404(4)
0.1109(5)
0.0231(0)
0.3209(3)
0.466815)
0.5620(6)
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to 180 (see Tables 7 & 8, Fig. 7). The heteroaromatic 
rings exhibit a slight puckering with average deviations 
from planarity of 0.027(2)A and 0.023(2)A. The 
structures of dichloro-6-methyl-2,2'-dipyridine 
palladium(ll) (181) and dichloro-2,2 1-dipyridine
palladium(ll) (182) were determined in order to evaluate 
the effects of the methyl group, e.g. when the 
methyl-chloro steric interactions were removed. In
complex 181, obvious differences from 180 and 174 exist 
(Tables 9 & 10, Fig. 8) in that and d 2 have 
opposite signs indicative of a distortion towards a 
tetrahedral geometry. The (3 angle is over twice as large 
for the substituted vs unsubstituted ring. The 
substituted pyridine is slightly puckered [avg. deviation 
from planarity 0.018(2)A], whereas the other ring is 
nearly planar. The ORTEP drawing for 182 clearly indicates 
the normal bond geometry for the dipyridine moiety (Tables 
11 & 12, Fig. 9).
In general, Pd(II) and Pt(II) dipyridine complexes 
are not appreciably distorted, although packing forces may
Figure 7. ORTEP drawing o f  174, (a) s ide  view (b) f r o n t  view.
O
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Table 7. Bond Distances and Angles for 174.
Pd-Cl1 2.287(1) Cl1-Pd-Cl2 86.32(
Pd-Cl2 2.292(1) Cl 1— Pd-Nl 95.92(
Pd-Nl 2.062(4) Cl1-Pd-N2 171.97(
Pd-N2 2.050(4) Cl2-Pd-Nl 166.99(
Nl-Cl 1.347(7) Cl2-Pd-N2 96.15(
N1-C5 1.363(6) Nl-Pd-N2 80.00(
N2-C6 1.369(6) Pd-Nl-Cl 130.45(
N2-C10 1.331(7) Pd-Nl-C5 108.26(
C1-C2 1.396(8) C1-N1-C5 119.47(
Cl-Cll 1.479(8) Pd-N2-C6 108.69(
C2-C3 1.371(9) Pd-N2-C10 129.61(
C3-C4 1.364(9) C6-N2-C10 120.37(
C4-C5 1.396(7) N1-C1-C2 119.70(
C5-C6 1.484(7) N1-C1-C11 119.38(
C6-C7 1.383(7) C2-C1-C11 120.78(
C7-C8 1.376(10) C1-C2-C3 120.44(
C8-C9 1.374(9) C2-C3-C4 119.87(
C9-C10 1.421(7) C3-C4-C5 118.41(
C10-C12 1.500(8) C4-C5-N1 121.54(
C6-C5-N1 115.22(
C4-C5-C6 123.07(
C6-C5-N2 115.02(
N2-C6-C7 121.93(
C5-C6-C7 122.88(
C6-C7-C8 117.36(
C7-C8-C9 121.44(
C8-C9-C10 118.81(
C9-C10-N2 119.62(
N2-C10-C12 120.39(
C9-C10-C12 119.97(
5)
11
11
11
11
15
33
31
42
33
34
44
55
48
56
50
52
55
52
39
49
40
54
49
57
53
60
56
47
55
Table 8. Coordinates for 174.
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ATOM X Y
1 
IM
PD 8.66485(3) 0.21339(4) 8.22826(2
CL1 8.0362(1) 0.1916(2) 8.39188( !
CL2 8.1946(1) 0.4109(2) 8.27288(11
BR 8.169(2) 8 .449(3) -8 .12 8 (2 )
HI -0 .0797 (4 ) 8.0748(5) 8.1794(3)
N2 8.0659(4) 8.2448(5) 8.0793(3)
Cl -0 .1380 (5 ) -0 .0337(7 ) 0 .2268(4)
C2 -0 .2593 (6 ) -0 .0720(8 ) 0.1943(5)
C3 -0 .3169(5 ) -0 .0021 (8 ) 0.1132(5)
C4 -0 .2534 (5 ) 0 .0976(7) 0.0599(4)
C5 -0 .1331 (5 ) 8 .1339(6) 0.0940(4)
C6 -0 .0513 (5 ) 8 .2283(6) 8.0371(4)
C7 -0 .0873 (7 ) 8 .2866(7) -8 .0550(4 )
CB 8.0015(8) 8 .3548(8) -0 .1059(4)
C9 8.1219(7) 8 .3606(8) -0 .0683 (4 )
cie 8.1533(6) 8 .3028(6) 8 .0276(4)
C ll -0 .07 2 1 (6 ) -0 .11 8 2 (8 ) 8 .3084(6)
C12 8.2849(6) 8 .3008(8) 8.0689(5)
108
,cv
Figure 8.  ORTEP drawing o f  181.
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Table 9. Bond Distances and Angles for 181.
Pd-Cl1 2.299(1) Cl1-Pd-Cl2 88.54(3)
Pd-Cl2 2.299(1) Cl1-Pd-Nl 98.17(6)
Pd-Nl 2.063(0) Cl1-Pd-N2 166.39(7)
Pd-N2 2.023(2) Cl2-Pd-Nl 173.19(6)
Nl-Cl 1.349(3) Cl2-Pd-N2 93.70(6)
N1-C5 1.367(3) Nl-Pd-N2 80.06(8)
N2-C6 1.353(4) C1-N1-C5 118.95(21)
N2-C10 1.343(3) C6-N2-C10 119.56(23)
C1-C2 1.390(4) N1-C1-C2 120.22(26)
Cl-Cll 1.482(4) Nl—Cl—Cl1 121.78(24)
C2-C3 1.367(5) C2-C1-C11 117.90(24)
C3-C4 1.388(50 C5-C1-C11 151.87(21)
C4-C5 1.373(4) C1-C2-C3 120.61(28)
C5-C6 1.477(4) C2-C3-C4 119.19(28)
C6-C7 1.389(4) C3-C4-C5 118.60(29)
C7-C8 1.382(5) N1-C5-C4 122.17(25)
C8-C9 1.363(5) N1-C5-C6 114.92(22)
C9-C10 1.380(4) C4-C5-C6 122.60(25)
N2-C6-C5 115.04(22)
N2-C6-C7 121.17(25)
C5-C6-C7 123.62(25)
C6-C7-C8 118.44(28)
C7-C8-C9 119.94(29)
C8-C9-C10 119.65(28)
N2-C10-C9 121.11(27)
Table 10. Coordinates for 181.
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ATOM X Y
1 
IM
PD -0 .00812(2 ) 0.18491(3) 0.24102(1
CL1 0.04989(8) 0.3070(1) 0.12489(4
CL2 -0 .23742(7 ) 0.1161(1) 0.17399(4
HI 0.1911(2) 0.2283(3) 0.3121(1)
H2 -0 .0880 (2 ) 0.1369(3) 0.3500(1)
Cl 0.3287(3) 0.2385(4) 0.2918(2)
C2 0.4458(3) 0.2951(4) 0.3472(2)
C3 0.4243(4) 0.3352(4) 0.4237(2)
C4 0.2848(3) 0.3131(4) 0.4462(2)
C5 0.1711(3) 0.2604(4) 0 .3895(2)
C6 0.0228(3) 0.2163(4) 0 .4092(2)
C7 -0 .0195 (3 ) 0.2408(5) 0 .4844(2)
ce -0 .1550(4 ) 0.1763(5) 0 .4985(2)
C9 -0 .2423 (3 ) 0.0885(5) 0 .4396(2)
CIO -0 .19 7 7 (3 ) 0.0714(4) 0.3652(2)
C ll 0 .3621(3) 0.1806(4) 0.2124(2)
Figure 9. ORTEP drawing of  182.
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Table 11. Bond Distances and Angles for 182.
Pd-Cl1 2.295(2) Cl1-Pd-Cl2 90.05(8)
Pd-Cl2 2.271(2) Cl1-Pd-Nl 95.11(19)
Pd-Nl 2.038(6) Cl1-Pd-N2 175.06(19)
Pd-N2 2.016(6) Cl2-Pd-Nl 174.42(19)
Nl-Cl 1.343(9) Cl2-Pd-N2 94.01(19)
C1-C2 1.364(12) Nl-Pd-N2 80.94(26)
C2-C3 1.348(12) Pd-Nl-Cl 126.14(58)
C3-C4 1.373(11) Pd-Nl-C5 113.46(56)
C4-C5 1.393911) C1-N1-C5 120.36(77)
N1-C5 1.365(10) Pd-N2-C6 114.22(52)
C5-C6 1.454(11) Pd-N2-C10 127.04(59)
N2-C6 1.355(10) C6-N2-C10 118.68(68)
C6-C7 1.392(12) N1-C1-C2 120.59(83)
C7-C8 1.381(13) C1-C2-C3 120.90(89)
C8-C9 1.352(13) C2-C3-C4 119.19(83)
C9-C10 1.355(12) N1-C5-C4 118.93(80)
N2-C10 1.356(10) N1-C5-C6 115.35(80)
C4-C5-C6 125.72(82)
N2-C6-C5 115.93(78)
N2-C6-C7 120.76(73)
C5-C6-C7 123.31(83)
C6-C7-C8 118.57(82)
C7-C8-C9 120.11(80)
C8-C9-C10 119.77(88)
N2-C10-C9 121.01(86)
Table 12. Coordinates for 182.
ATOM X Y Z
PD 0.37701(3) 0.16676(3) 0.20079(8)
CL1 0.4045(1) 0.0253(1) 0.1997(4)
CL2 0.2608(1) 0.1368(1) 0.2913(4)
N1 0.4774^3) 0.2045(4) 0.1104(9)
N2 0.3618(3) 0.2928(4) 0.2087(9)
Cl 0.5320(4) 0.1537(5) 0.0550(11)
C2 0.5966(5) 0.1869(6) -0 .0048(13)
C3 0.6075(4) 0.2711(6) -0 .0084(12)
C4 0.5517(5) 0.3238(5) 0.0446(12)
C5 0.4853(4) 0.2902(5) 0.1038(11)
C6 0.4218(4) 0.3385(5) 0.1621( 9)
C 7 0.4209(5) 0.4263(5) 0.1713(11)
ce 0.3570(5) 0.4660(5) 0.2243(12)
C9 0.2968(5) 0.4199(5) 0.2651(12)
CIO 0.3004(5) 0.3344(6) 0.2616(11)
cause slight distortions^^, 125  ^ rjr^ g re(j form Qf
(dipyr)PtCl2 is perfectly planar, lying on a mirror 
plane in the crystal-*-26. This favored bonding mode is 
accomplished by a-donation of the N-electrons with 
metal-to-ligand 77-bonding, as a stabilizing factor.
Originally, the large distortions of 180 were assumed 
to be due to the malonate group (i.e. the methylene 
hydrogen or methyne carbon) steric interaction with the 
large adjacent chloro ligand. The structure of 174 was 
unexpected because it was assumed, a priori, to be 
reasonably distortion-free analogous to 182. Thus, even a 
hydrogen on the methyl carbon of 174 is large enough to 
cause steric repulsion of the chloro ligand. If complex 
174 were forced to assume a planar conformation, the 
chloro group and methyl hydrogen would be positioned in a 
six-membered ring orientation.
It is clear that the methyl-chloro interaction is, in 
part, responsible for the large acute angle /3.i27 The 
unique pyramidal distortion of 174 and 180 demands that 
the N-electrons cannot overlap optimally with the Pd 
d-orbitals. However, the Pd-N bond distances are the same 
as or shorter than those found in relatively undistorted 
c o m p l e x e s -*-25 _ Chemically, 174, 180, and 181 are 
stable indefinitely in solution and undergo oxidative 
addition of CI 2 in CHCI 3 without loss of the 
dipyridine moiety.
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EXPERIMENTAL SECTION.
General comments are the same as those given in 
Chapters 2 and 3.
Dichloro-6,6 1-dimethyl-2,21-dipyridine-palladium(II)
(174) and -platinum(II) (175). Both were prepared in a 
similar manner. To an MeCN solution (50mL) of 
M(CgH^CN) 2 CI 2 (M-Pd,Pt) (lmmol), was added 
166 (lmmol) in MeCN (5mL). The reaction was conducted 
under nitrogen and after initial combination at 25°C, the 
stirred solution was maintained at 40°C. After 2 hours, 
the Pd solution turned amber, and a light colored 
orange-tan solid formed. In the case of Pt, the initial 
yellow solution had to be concentrated to 2/3 of the 
original volume, at which the yellow-orange solid complex 
formed. Each solid was filtered, washed with MeCN and 
dried in vacuo.
174: 76%; NMR 5 3.08 (s, pyCH3 , 6 H ), 7.26 (dd,
5-pyH, J - 7 .5, 2.0Hz, 2H), 7.86 (t, 4-pyH, J^7.5Hz, 2 H ),
7.93 (dd, 3-pyH, J^=7.5, 2.0Hz, 2H); IR (KBr) 1600, 1560,
1250, 1020, 790 cm"1 ; U V A max (nm) 265 (f=2.8 x
103 ), 290 (sh, 1.1 x 103 ), 330 (b, 3.0 x 103 ),
395 (1.4 x 103 ); A n a l . Calcd. for 
c 12H l2N 2Pdcl2 : c ' 39.90; H, 3.27; N,
7.61. Found: C, 39.89; H, 3.30; N, 7.75. Crystal data
for 174: mw 361.54; monoclinic; space group P23/n;
a -10.928(2), b-8.794(2),
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c-=13.630(2)A; /3 -=94. 70 ( 2) 0 ; Z=4, d c=1.872 g 
cm- 3 , fi(MoKa) 20.3 cm--'-; intensities were merged 
to give 1663 unique observed reflections [F>3a(F)]f R- 
0.034. The sample crystal contained a small (ca. 8%) 
substitutional disorder involving 174 with a bromo 
substituent at C9.
175: 67%; NMR § 3.07 (s, pyCH3, 6 H ), 7.25 (dd,
5-pyH, J-7.5, 1.5Hz, 2 H ), 7.87 (t, 4-pyH, J=7.5Hz, 2H ) ;
7.99 (dd, 3-pyH, J=7.5, 1.5Hz, 2 H ) ; UV A max (nm) 260 
(<=5.8 x 103 ), 290 (7.5 x 103 ), 335 (d, 3.5 x
103 ), 3.75 (9.9 x 102 ), 490 (sh, 80), 485 (20);
A n a l . Calcd. for C^2H 12N 2Ptc-1-2: c » 32.01;
H, 2.69; N, 6.22. Found: C, 31.64; H, 2.60; N, 5.85.
The above procedure was applied to the preparation of 
the following complexes using the appropriate starting 
material.
Dichloro-6,6 1-dimethyl-2,21-dipyridine copper(I I )
(176) from C u C ^ s  70%; UV A max (nm) 311 (10 x
104 ), 324 (9.7 x 103 ), 380 (6.0 x 102 );
A n a l . Calcd. for C^2I'[l2^2<3uC-'-2: 45.23;
H, 3.80; N, 8.79. Found: C, 45.48; H, 3.86; N, 8.99.
Dichloro-6,6'-dimethyl-2,2'-dipyridine cobalt(I I )
(177) from CoCl2*6H20: 53% UV A max (nm)
260 (1.9 x 104 ), 315 (1.9 x 104 ), 670 (5.0 x 
102 ) ; A n a l . Calcd. for C^2H 121^ 2<3c>(--*-2:
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C, 45.89; H, 3.85; N, 8.92. Found: C, 45.49; H, 3.90; N,
8.97.
Dichloro-6,61-dimethyl-2,21-dipyridine zinc(II) (178) 
from ZnCl2 : 70%; NMR (CDCl3-20% C 6D6 ) §
3.03 (s, pyCH3 , 6 H ), 7.53 (dd, 5-pyH, J^7.0, 2.0Hz,
2 H ), 8.04 (m, 3,4-pyH, 4 H ); UV A max (nm) 295 (1.6 x 
10^), 308 (1.7 x 10^), An a l . Calcd. for 
c 12H 12N 2ZnC12 : c » 44.97; H, 3.77; N,
8.74. Found: C, 45.15; H, 3.89; N, 8.87.
Dichloro-[diethyl-a, a'-bis(ethoxycarbonyl)(2,21-di­
pyridine) -6 ,61-dipropanoate]palladium(II) (180) from 179 
and L i 2PdCl4 : 70%; XH NMR 5 1.19 (t,
CH^CH3 , J - 7 .0Hz, 12H), 4.11 (q, CH2CH3,
J -7. 0Hz, 8 H ), 4.12 (d, pyCH2CH, J^=7.0Hz, 4 H ) , 4.51 (t, 
pyCH2CH, J - 7 . 0Hz, 2 H ), 7.24 (dd, 5-pyH, J-=7.8, 1.0Hz,
2H), 7.90 (t, 4-pyH, J^=7.8Hz, 2 H ), 8.28 (dd, 3-pyH, J^=7.8, 
1.0Hz, 2 H ); IR (KBr) 1720, 1580, 1480 cm- 1 .
Crystal data: c 26H 32N 2^8Pc^ c^2 ’
mw 677.85; monoclinic; space group P2^/n; a-12.246(2), 
b-19. 644 (13 ) , c-12. 340 ( 2) A; j8 -=97. 56 ( 2 ) ° ; Z =^4, dc-=
1.530 g cm"3# ^(MoKa) 8.52 cm”l; intensities were 
merged to give 3091 unique observed reflections [F>3ct(F)],
R -0.031.
Dichloro-6-methyl-2,21-dipyridine palladium(II) (181) 
from L i 2PdCl4 : 90%; -*-H NMR S 3.15 (s,
CH3, 3 H ) , 7.37 (dd, 5-pyH, J^=6.0, 1.0Hz, 1H), 7.48 (t,
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5'-pyH, J - 6 .OHz, 1H), 7.92-8.12 (m, 4, 4',3,3'-pyH, 4H),
9.35 (d, 6 1-pyH, J— 6 .OHz, 1 H ); IR (Csl) 1590, 1480, 1290,
325 cm” 1 .
Crystal data: C]_]HioN 2pdCl2 * mw
347.51; monoclinic; space group P2^/n; a.-9.126(2), 
b-7. 673 ( 3 ) ; c-=16. 882 (4) A ; /3 ^ 97. 91 ( 2) ° ; Z^4, 
dc -1.971 g cm” 3, ^(MoKa ) 19.8 cm”1 ;
intensities were merged to give 1712 unique observed 
reflections [F>3ct(F)], R-0.023.
Pichloro-2,21-dipyridine palladium(II) (179) from 
L i 2PdCl4 : 95%; 1H NMR (DMSO-d6 ; solvent
and standard 8 2.49) 5 7.80 (2dd, 5-pyH, J-6.0, 1.7Hz,
2H), 8.34 (dt, 4-pyH, J^=8.0, 1.7Hz, 2 H ) , 8.58 (ddd, 3-pyH,
J-7.0, 1.7, 0.7Hz, 2 H ), 9.14 (ddd, 6 -pyH, J^=6.0, 1.7,
0.7Hz, 2H); IR (KBr) 1560, 1295, 1085 cm”1 .
Crystal data: C^q h 8n 2p<1c12 * mw
333.50; orthorhombic; space group Pbca; a-7.444(2), b- 
15.835(5), c-=18.214A; Z^ =8 , Dc^=2.064 g cm”3 ; 
fi(MoKa ) 21.52 cm” 1 ; intensities were merged to give 
806 unique observed reflections [F>3ct(F)], R-0.029.
Chapter 5
Introduction.
Following the successful preparation of 6 ,6 '-bis- 
(chloromethyl)-2 ,2 '-dipyridine, a simple one carbon 
homologation with malonate esters gave the target ligands 
183. These ligands, modeled after those described in 
Chapter 2, were potentially tetracoordinate and could give
the cis analogs to the trans complexes 159. Molecular
/
models implied that the 5*5-5 bis C-metal bonded complex 
could not be made. There were, however, several known 
examples of 5*5*5 complexes composed of transition metals 
and flexible tetraamino ligands. -*-28 dipyridine
ligand did not possess the stereochemical freedom of the 
saturated ethano bridged tetraamines but it was hoped that 
distortions would occur to accomodate bis-cydometal- 
lation.
Synthetic Aspects.
Preparation of the substituted dipyridine ligands 
183a-e is easily accomplished by stirring a mixture of 
6 ,6 *-b i s (chloromethyl)-2,21-dipyridine (164),*29 
appropriate malonic ester, and K 2 CO 3 in pure 
N,N-dimethylformamide. The reactions afforded only one 
major product, which can be isolated and crystallized in 
better than 90% yield. Other more classical approaches 
using ethereal or alcoholic solvents and hydride or
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alkoxide bases were more cumbersome and less selective 
resulting in diminished yields.
Scheme 6. F i r s t  method f o r  p r e p a ra t io n  o f  184b.
Complex 184 was originally prepared by the procedure 
illustrated in Scheme 6. This route has since been 
abandoned for the following reasons: (1) a competitive 
side reaction reduces PdCl 2 to Pd(O); (2) the yields 
of the desired 184 and intermediate 185 are less than 
acceptable and could not be improved by simple reaction 
modifications; and (3) the benzonitrile is undesirable and 
interferes in the purification (crystallization) stages.
164 R
183 a (R=C02Me) 
b (R=C0 E t )
e R=C02CH2Ph
F d C l2 (PhCN),
T H F .E tO N a /
d R“ C0 tb u
1 2 1
The new method, shown in Scheme 7, has been developed as 
an improved, general synthesis of these organometallics.
AgNO.
IBAa-e
Scheme 7. Improved method f o r  p r e p a r a t i o n  o f  184a-e.
The C-Pd bond formation is extremely sensitive to the 
reaction conditions and is only successful when carried 
out in a particular manner. The critical reaction stages 
are: (1) initial formation of the N-metal bonds, thus
ensuring a homogeneous reaction mixture, and (2 ) addition 
of K 2 CO 3 at 25°C; followed by warming to 5 0 °C.
The mono (185)- or di (184)-metallated products can be 
controlled by added AgN 0 3 » The advantages of the new 
procedure are: (1) little or no Pd(Il) to Pd(O)
reduction; (2) easy removal of the by-products; and (3) 
yields equal to or greater than 90%. When possible it is 
better to isolate the monometallated 185 and then treat it 
with AgN 0 3 /K 2 c 0 3 « The monometallated
complexes can be crystallized or chromatographed easily 
and since the AgN 0 3 / K 2 CO 3 treatment is quite 
clean, no further purification techniques are needed on 
the resulting dimetallated products 184.
Results and Discussion.
1 2 2
Reactivity studies are currently underway but it 
appears from our initial studies that the Pd-C bond in 
these organometallics is susceptible to cleavage by either 
nucleophiles or reactive electrophiles. Thus use of the 
heterogeneous base in this new procedure is pivotal to its 
success.
Although the ligands can be prepared ( =100%) 
irrespective of the malonic ester used, complexation by 
the various ligands is less consistent. In the case of 
the methyl ester ligand 183a, complexation to form 184a 
readily occurs. In fact, we have been unable thus far to 
isolate the monometallated complex 185a. In addition, the 
homogeneous methoxide/THF procedure is effective to form 
185a, which readily precipitates. For the dipyridine 
ligand 183b, both mono- and di-metallated complexes have 
been prepared without the aid of AgNC>3 . However, when 
the ester moiety is iso-propyl 183c or t-butyl 183d, only 
the monometallated complexes have been isolated when 
AgNC>3 is not employed. Use of strong bases (e.g., 
alkoxide or hydride) both before and after addition of the 
metal salt to the ligand has met with failure. Changing 
solvents including: THF, alcohol, MeCN, acetone, and DMF,
has also been unsuccessful. This is, of course, a steric 
effect but interestingly the X-ray analysis of 185b 
reveals that the acidic (a)-proton is in the proper 
juxtaposition of, or better is pointed toward, the central
metal (Figure 10). The bulky ester groups are positioned 
away from the. metal ion core and their role of inhibiting 
the second C-metal bond formation is not obvious. 
Formation of dimetallated 184c and 184d (184d 
characterized by NMR only because of complex 
instability) only occurs when the intermediate 
monometallated complexes 185c and 185d are treated with 
AgNOg/ K 2 CO 3 . It may be that upon
chloride/nitrate exchange a conformational adjustment 
occurs which favors nitrate displacement by the aligned 
carbanion. The chloride ligand may preclude, by steric 
factors, a meaningful approach of the second carbanion 
especially in the cases of 185c,d, since the direction of 
incidence on the central metal by the second carbanion 
would be highly restricted as compared to the approach 
directions available to the first carbanion.
These complexes are unique for several reasons. 
First, they contain one or two C-Pd sigma bonds, in which 
the carbon is sp^ hybridized.
Second, for these complexes possessing two C-metal 
bonds, the metal has formed a novel cummulated 
5 • 5*5-tricyclic system circumscribed by a tetradentate 
ligand framework.^30
Third, the complexes are very stable in relation to 
most organometallic reagents. In the solid state, these 
complexes can be stored indefinitely without noticeable
Figure 10. ORTEP drawing o f  185b.
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Table 13. Bond Distances and Angles for 185b.
Atoms
Pd-Cl
Pd-Nl
Pd-N2
Pd-C20
Nl-Cl
N1-C5
N2-C6
N2-C10
01-C13
02-C13
02-C17
03-C14
04-C14
04-C15
05-C21
05-C22
06-C21
07-C24
08-C24 
08-C25 
C1-C2
Atoms
Cl-Pd-Nl 
Cl-Pd-N2 
Cl-Pd-C20 
Nl-Pd-N2 
Nl-Pd-C20 
N2-Pd-C20 
C13-02-C17 
• C14-04-C15
C21-05-C22 
C24-08-C25 
Pd-Nl-Cl 
Pd-Nl-C5 
C1-N1-C5 
Pd-N2-C6 
Pd-N2-Cl0 
C6-N2-C10 
N1-C1-C2 
N1-C1-C19 
C2-C1-C19 
C1-C2-C3 
C2-C3-C4 
C3-C4-C5 
N1-C5-C4 
N1-C5-C6 
C4-C5-C6 
N2-C6-C5 
N2-C6-C7 
C5-C6-C7 
C6-C7-C8 
C7-C8-C9 
C8-C9-C10
Distance (A)
2.313(2)
1.971(6)
2.205(7)
2.089(9)
1.354(11)
1.336(12)
1.376(11)
1.356(11)
1.179(15)
1.323(16)
1.434(16)
1.218(15)
1.336(15)
1.471(17)
1.359(11
1.421(12)
1.170 11)
1.211(12)
1.340(10)
1.441 13
1.396(12)
Angle (deg.)
169.7(2) 
106.2(2) 
93.7(2) 
78.9(3  
82.8(3) 
158.8(3) 
117.0(10) 
123.0(14) 
115.8(8) 
116.5(9) 
118.5(5) 
119.7 5) 
122.1(7) 
110.1(5 
131.0(5) 
118.1(7 
119.4(9) 
114.1(8) 
126.2(8) 
119.0(8) 
120.9(8) 
118.0(9) 
120.6 8) 
115.5(7) 
123.9(8) 
115.4(7 
122.2(8 
122.4(8 
119.4(9) 
118.3(9) 
122.4(8)
Atoms
C1-C19
C2-C3
C3-C4
C4-C5
C5-C6
C6-C7
C7-C8
C8-C9
C9-C10
C10-C11
C11-C12
C12-C13
C12-C14
C15-C16
C17-C18
C19-C20
C20-C21
C20-C24
C22-C23
C25-C26
Atoms
N2-C10-C9
N2-C10-C11
C9-C10-C11
C10-C11-C12
CU-C12-C13
C11-C12-C14
C13-C12-C14
01-C13-02
01-C13-C12
02-C13-C12
02-C14-04
03-C14-C12
04-C14-C12
04-C15-C16
02-C17-C18 
C1-C19-C20 
Pd-C20-C19 
Pd-C20-C21 
Pd-C20-C24 
C19-C20-C21 
C19-C20-C24 
C21-C20-C24
05-C21-06
05-C21-C20
06-C21-C20
05-C22-C23
07-C24-08
07-C24-C20
08-C24-C20
08-C25-C26
Distance (A)
1.495(14)
1.361(14)
1.404(14)
1.379(12)
1.490(13)
1.379(12)
1.367(14)
1.358(14)
1.390(13)
1.481(13)
1.544(14)
1.505(14)
1.507(15)
1.14(3)
1.39(2)
1.551(12)
1.514(13)
1.487(14)
1.471(18)
1.35(2)
Angle (deg.)
119.5(8) 
119.8(8) 
120.8(8) 
111.9(8) 
112.6(9) 
107.7(9) 
109.7(8) 
124.1(11) 
125.8(12) 
109.8(10) 
120.9(12) 
124.1(11) 
114.8(11) 
121(2) 
108.6(14) 
112.1(7) 
106.1(6) 
110.1(6) 
99.4(6) 
108-2(7) 
110.8(8) 
122.2(8) 
123.5(9) 
111.6(8) 
124.9(9) 
106.6 11) 
122.2(9) 
122.7(8) 
114.9(9) 
107.2(12)
Table 14. Coordinates for 185b.
filom X y
PD 0.13947(1) 0.44921(5)
CL 0.20266(0) 0.5024(2)
01 0.3033(3) 0.6012(6)
02 0.3046(2) 0.3902(5)
03 0.3232(2) 0.2913(0)
04 0.3921(2) 0.5594(6)
05 0.1612(2) 0.3305(5)
06 0.0500(2) 0.4443(6)
0? 0.1401(1) 0.0529(5)
00 0.2299(2) 0.2065(2)
HI 0.0660(2) 0.3450(5)
N2 0.1591(2) 0.5460(5)
Cl 0.0224(2) 0.2499(2)
C2 -0.0329(2) 0.1029(2)
C3 -0.0425(2) 0.2209(2)
C4 0.0024(2) 0.3250(0)
C5 0.0526(3) 0.3042(6)
C6 0.1113(2) 0.4902(6)
z Atom X
- --- -
0.00594(2) C2 0.1141(2)
0.10133(6) CO 0.1652(3)
-0.0242(4) C9 0.2142(3)
-0.0046(3) C10 0.2100(2)
0.1163(3) Cll 0.2629(3)
0.1601(2) C12 0.3124(2)
0.3026(2) C13 0.3635(2)
0.2662(3) C14 0.3631(3)
0.1199(2) CIS 0.4365(3)
0.1032(2) C16 0.4120(4)
0.0145(3) C12 0.4342(3)
-0.0312(3) CIO 0.4529(4)
0.0403(2) CI9 0.0343(2)
0.0002(3) C20 0.1099(2)
-0.0290(3) C21 0.1054(3)
-0.1124(3) C22 0.1624(3)
-0.0630(3) C23 0.2355(5)
-0.0910(3) C24 0.1631(2)
C25
C26
0.2033(3)
0.3461(5)
y z
0.5222( 9) -0.1209( 3)
0.6222( 2) -0.1920( 4)
0.6243( 2) -0.I346( 4)
0.6401( 6) -0.0532( 3)
0.2030( 2) 0.00O4( 4)
0.5053( 2) 0.0414( 4)
0.5292( 9) -0.O212( 3)
0.6565( 9) 0.1094( 5)
0.6059(14) 0.235Q( 4)
0.5240(21) 0.2962( 6)
0.3253(10) -0.0549( 4)
0.1904(16) -0.021l( 2)
0.2396( 2) 0.1329( 2)
0.2914( 2) 0.1693( 3)
0.366O( 5) 0.2501( 3)
0.4112( 0) 0.3264( 3)
0.3624(11) 0.4I92( 4)
0.1226( 6) 0.1565( 3)
0.0960( 2) 0.1691( 3)
0.1510(16) 0.2005(13)
no
C 'J
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physical degradation. They are not air sensitive and have 
remarkably high decomposition points. In solution, the 
organometallics are stable but show sensitivity to 
chloroform lasting only a few hours without appreciable 
decomposition; this is presumably due to traces of 
dissolved HC1. These dimetallated complexes are quite 
stable in organic solvents, such as: benzene,
dichloromethane, ethyl acetate, and alcohols in that they 
remain intact for days to weeks at 25°C. The wide range 
in solubility of these complexes is also noteworthy.
Fourth, these organometallics are among the first 
stable C-Pd bonded species containing an abstractable 
/3 -hydrogen. 131 Complexes of this type are well known 
to undergo the common /3-elimination reaction (Scheme 8). 
This observation is especially interesting in light of the 
fact that a-pyridyl methyl hydrogens possess enhanced 
acidity.
Scheme 8.  j8-Hydride e l im i n a t io n  r e a c t i o n .
Despite their stability, the complexes are reactive, 
albeit marginally. The reactivity is especially 
pronounced with electrophile-nucleophile pairs or dipolar
molecules. Attempted recrystallization of the 
dimetallated complex 184b, on long standing with 
benzene/petroleum ether, gave monometallated complex 186 
from reaction of 184b with an added trace of acetic acid, 
as shown in Scheme 9.
Scheme 9. Reaction o f  184b with  a c e t i c  a c id .
This type of reactivity is, however, quite expected. 
Beside the examples of C-Pd bond reactivity in the
electron density increase on the methyne carbon, upon 
complexation.
■*-H NMR Spectral Analysis.
The most striking feature in the 1H NMR (Fig. 11) 
of the cis-dimetallated complex 184b is the extended 16 
line pattern for the ester methylene hydrogens. The 
complex pattern indicates the two methylene hydrogens 
reside in magnetically different environments and are 
diastereotopic. An explanation for the diastereotopic 
nature of the methylene hydrogens is not obvious. There 
are no neighboring chiral centers nor are there any 
appreciable barriers to bond rotation. The molecule is, 
however, highly distorted in coordination about the
186 R
literature, our -*-^ C NMR study revealed a marked
CH8CH20eC
CH,CHfOtC
- c h ,ch3
CHBCH2°2C COjC^CH,
I - ch2ch3
-p
0
Figure 11. 200 MHz *H NMR spectrum o f  184b in  CDC13 w ith  expanded arom atic and e s t e r  methylene reg ions .
PO
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central metal. Overall molecular distortion must lead to 
molecular chirality but the importance of this effect 
should not be overestimated. The previously described 
(Chapter 2) trans complex 159b also exhibited 
diastereotopically nonequivalent methylene hydrogens while 
the metal is nearly undistorted in coordination geometry.
The NMR spectrum does not change on varying over a 
wide temperature range.
Complex 185b, in which only one C-metal bond 
(monometallated) is formed, displays NMR spectrum 
very different from the corresponding dimetallated species 
184b. The diastereotopic nature of the ester methylene 
hydrogens is nearly lost in 185b. The signal from these 
hydrogens consist simply of three quartets. One quartet 
for the methylene hydrogens on the side of the molecule 
not bound to the metal and two quartets for the methylene 
hydrogens on the metal-bound side. The five-membered ring 
of which the two ethoxycarbonyl groups are substituents is 
conformationally rigid having the quaternary palladium 
atom as a member and containing a double bond. An 
analogous situation arises in the diethyl acetal of 
a c e t a l d e h y d e . - * - 3 2  - p ^ g  methylene hydrogens of this 
molecule are diastereotopic. (One explanation is that the 
methylene group is one atom removed from a prochiral 
center). Thus the non-equivalence of the methylene 
hydrogens of these compounds, herein reported, may
demonstrate a spectrum of amplified dissymmetry. In the 
monometallated complex 185b, the methylene hydrogens on 
the side not bound to the metal are potentially 
diastereotopic. However since these hydrogens reside on a 
carbon two atoms removed from the prochiral center and 
there exist no restrictions to free rotation or other 
rigidity, the hydrogens do not demonstrate observable 
non-equivalence. On the bound side, the methylene 
hydrogens begin to show slight diastereotopic character 
and when two carbon-metal bonds are formed the methylene 
hydrogens demonstrate full diastereotopic behavior 
possessing a geminal coupling of 14Hz. The dimetallated 
benzyl ester complex 184e clearly shows the diastereotopic 
methylene hydrogens exhibiting two two-line resonances at 
5 5.10 and 5.50 with Jge m -14Hz.
The pyridine a-methylene hydrogens appear as a spike 
for the dimetallated complexes and as a singlet and 
doublet for the monometallated complexes. Perhaps most 
diagnostic for the dimetallated complexes is the simple 
triplet (57.88), doublet (57.68), doublet (57.39) pattern 
for the heteroaromatic hydrogens indicative of both a syn 
orientation of dipyridine and the relative symmetry of the 
molecule. In contrast, the monometallated complexes 
exhibit a second order pattern in this same region. Of 
particular interest are unusual coupling constants for H5 
of the pyridine ring on the unbound side of the molecule.
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In general, the pattern for H3 and H5 of dipyridine is a 
doublet of doublets with J-8.0, 1.0Hz; whereas H5 in 185b 
has J-5.9, 2.0Hz.
X-Ray Structural Analysis.
An interesting aspect of the synthesis of 184b is 
that the reaction sequence proceeds through two stable 
intermediates. Each intermediate has been isolated and 
characterized by a single crystal X-ray analysis.
Pd —
K.CO.Li.PdCl
183b 180
185b
184b
Dichloropalladium adduct 180 crystal structure has been 
described previously (Chapter 4, Figure 6 , Tables 5-7) 
with respect to anomalous distortions that take place in 
the coordination sphere. Here the structure will be 
described in terms of the geometry's effects on 
cyclometallation. In the crystal, the Pd-N distances for 
180 are normal, 2.048(2) and 2.040(2)A, respectively.
The pyridine rings are unusual in geometry but the angles 
formed by the C3-C2-C2 1 and C2-C2'-C3' positions (C4-C5-C6 
and C5-C6-C7 in Table 5) are 123.7(3)° and 124.4(3)°, 
which are similar to the angles in dichloro- 2 ,2 '-dipyr- 
idine palladium(II) (182). The contact distances between 
the incipient coordinating carbons and the palladium are
3.521 and 3.464A. The methyne hydrogens sit much closer 
to the metal center at 2.78 and 2.68A.
The structure of 185b is depicted in Figure 10 and 
bond distances and angles of interest are given in Table 
13. The Pd-Cl and Pd-C20 bond distances are normal at 
2.313(2) and 2.089(9)Af respectively. Pd-Nl and Pd-N2 
are not normal bond distances with Pd-Nl at 1.971(6)A 
and Pd-N2 at 2.205(7)A. The Pd-Nl distance is shortened 
while the Pd-N2 distance is considerably longer than 
average ( = 2.08A). The shortening of the Pd-Nl bond can 
be attributed to the fact that this bond is in the middle 
of a tridentate system. The lengthening of the Pd-N2 
distance is a direct effect of the strong trans influence 
of the coordinated sp^ carbon trans to N2, and the 
steric repulsion of the Cl ligand and adjacent alkyl 
group. The pyridine rings exhibit normal bond distances 
and angles. The bond angles in the Nl-C5-C6-N2-Pd 
coordinate ring are similar to those of 180 and the 
C4-C5-C6, C5-C6-C7 angles across the 2,2'-dipyridine 
linkage are also normal at 123.9(8)° and 122.4(8)°. The 
angles inside the metallocyclic ring are normal for 
five-membered rings but the C19-C20-Pd angles differ 
significantly from those of the trans complexes: in 180
being 106.1(6)° while in 159b average -101.0. The 
Cl-Pd-N2 angle is distorted significantly from ideal (90°) 
at 106.2(2)° indicating a significant steric interaction
134
with the adjacent uncoordinated carbon group. Neither 
pyridine ring is strictly planar, both rings having small 
(0.005-0.019A) deviations from a mean plane. The 
heteroaromatic rings are more planar than they are in the 
precursor 180 indicating that much steric strain has been 
relieved via C-metal bond formation. The dihedral angle 
between the best plane of each pyridine ring is 6.7°. The 
contact distance between the incipient coordinating carbon 
C12 and the palladium is 3.71A. The contact distance 
between the methyne hydrogen and the Cl is 2.74A. The 
coordinated carbon C12 lies out of the plane defined by 
Pd-Nl-N2 by 0.387A, whereas the Cl is deflected by 
-0.355A on the opposite side.
The structure of 186 is depicted in Figure 12 and 
bond distances and angles of interest are given in Table 
15. The bond distances and angles of the coordination 
sphere are similar to those of 185b with C20-Pd (2.066A) 
and 09-Pd (2.047A) having normal distances 133 while 
the Pd-Nl and Pd-N2 have shortened (Pd-Nl=l.969A) and 
lengthened (Pd-N2=2.184A) bonds, as rationalized 
earlier. There are no unusual bond lengths or angles among 
the pyridine rings, and the bond angles in the 
Nl-C5-C6-N2-Pd coordinate ring are similar to 185b. Also 
common to both is the dissymmetry with which the pyridine 
rings face the metal. In both 185b and 186, the Pd-Nl-C5 
angles are 119.7(5)° and 119°, respectively. The Pd-N2-C6
Figure 12. ORTEP drawing o f  186.
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Table 15. Bond Distances and Angles for 186.
Atoms
Pd-Nl
Pd-N2
Pd-C20
Pd-09
Nl-Cl
N1-C5
N2-C6
N2-C10
C1-C2
C1-C19
C2-C3
C3-C4
C4-C5
C5-C6
C6-C7
C7-C8
C8-C9
C9-10
C10-C11
C11-C12
C12-C13
C12-C14
C13-01
Atoms
Nl-Pd-N2
Nl-Pd-C20
N2-Pd-09
09-Pd-C20
Pd-Nl-Cl
Pd-Nl-C5
Pd-N2-C6
Pd-N2-C10
N1-C1-C2
N1-C1-C19
C2-C1-C19
C1-C2-C3
C2-C3-C4
N1-C5-C4
N1-C5-C6
C4-C5-C6
N2-C6-C5
N2-C6-C7
C5-C6-C7
C6-C7-C8
C7-C8-C9
C8-C4-C10
N2-C10-C9
N2-C10-C11
C9-C10-C11
C10-C11-C12
C11-C12-C13
C11-C12-C14
C13-C12-C14
01-C13-02
01-C13-C12
Distance (A)
1.969
2.184
2.066
2.047
1.35
1.34 
1.40 
1.32
1.43
1.47
1.36
1.37
1.44
1.45
1.43 
1.39
1.36
1.44
1.49 
1.56 
1.52 
1.63
1.23
Angle (deg.)
78.9
83.8
104.7
92.6
118
119
111
130
119 
116 
121 
121 
127 
118
117 
125
115 
123 
122
116 
123
120 
121 
121
118 
109 
113 
107 
107 
122 
116
Atoms
C13-02
C14-03
C14-04
04-C15 
C15-C16
01-C17 
C17-C18 
C19-C20 
C20-C21 
C20-C24 
C21-05 
C21-06
05-C22 
C22-C23 
C24-07 
C24-08
08-C25 
C25-C26
09-C27 
C27-010 
C27-C28
Atoms
02-C13-C12 
C13-01-C17
03-C14-04
03-C14-C12
04-C14-C12 
C14-04-C15
04-C15-C16
01-C17-C18 
Cl—C19-C20 
Pd-C20-C19 
Pd-C20-C24 
C19-C20-C21 
C21-C20-C24 
C20-C21-05 
C20-C21-06
05-C21-06 
C21-05-C22
05-C22-C23 
C20-C24-07 
C20-C24-08
07-C24-08 
C24-08-C25
08-C25-C26 
C1-N1-C5 
C6-N2-C10 
C3-C4-C5 
Pd-09-C27
09-C27-010
09-C27-C28
010-C27-C28
Distance (A)
1.26
1.17
1.31 
1.66
1.36
1.54
1.37 
1.62
1.44
1.54
1.31 
1.25
1.49
1.35
1.18
1.31
1.55
1.46 
1.19
1.23 
1.62
Angle (deg.)
120
121
132
123 
106 
107
95
109
111
107
105
109
116
118
124 
118 
122 
107 
123 
114 
123 
112
99
123
118
116
119
130
116
114
Table 16. Coordinates for 186.
(Horn X y z 8.02
Pd 0.4213(1) 0.9584(1) 0.16660(9)
01 0.091(1) O.B125( 9) -0.0363( 8) 7.3( 4)
02 -0.060(1) 0.8658(10) 0.0195( 9) 9.4( 5)
03 0.029(1) 1.0656(11) 0.1993(10) 9.8( 5)
04 0.029(1) 0.9366(10) 0.2132( 9) 0.7( 4)
05 0.552(1) 1.1104(11) Q.3662( 9) 9.2( 4)
06 0.697(1) 1.0440C 9) O.30B6( 8) 8.0( 4)
0? 0.400(1) 0.8455(10) 0.2936( 9) 8.3( 4)
08 0.416(1) 0.9914( 9) O.3902( 8) 7.1( 4)
09 0.319(1) l.B375( 8) 0.2510( 7)
010 0.391(1) 1.1601( 9) 0.2399( 9)
HI 0.524(1) 0.8798(8) 0.0934(7) 3.9( 3)
H2 0.352(1) 0.9407(8) 8.0379(8) 4.0( 3)
Cl 0.605(1) 0.851(1) 0.1296(10) 4.5( 4)
C2 0.609(2) B.BQ3(1) 8.0831(10) 5.3( 5)
C3 0.681(2) 0.791(1) -8.0028(11) 5.4( 5)
C4 0.601(2) 0.810(1) -0.0423(10) 5.0( 5)
C5 0.519(2) 0.865(1) 0.0108(11) 4.6( 4)
C6 0.425(1) 0.897(1) -0.0230(10) 4.1 ( 4)
C7 0.404(1) 0.806(1) -0.1091( 9) 3.9( 4)
CO 0.312(2) 0.919(1) -0.1317(11) 5.5( 5)
Atom X y z 0.82-- - - - — —
C9 0.240(2) 8.961(1) -0.0711(11) 5.3( 5)
CIO 0.260(2) 0.970(1) 0.0146(10) 4.7( 4)
Cll 0.100(1) 1.011(1) 0.0748(10) 4.4( 4)
C12 0.122(1) 0.941(1) 0.1019(10) 4.6( 4)
CI3 0.047(2) 0.871(1) 0.0279(12) 6.6( 5)
C14 0.055(2) 0.991(1) 0.1761(13) 7.4( 6)
C15 -0.057(2) 0.970(2) 0.2810(16) 10.5( 0)
C16 0.004(3) 0.985(2) 0.3593(20) 15.3(12)
CI7 0.016(2) 0.747(2) -0.1213(15) 9.4( 7)
C18 0.084(3) 8.706(2) -0.1821(18) 13.2(11)
C19 0.593(2) 0.067(1) 0.2202(12) 6.1( 5)
C20 0.522(2) 0.951(1) 0.2691(11) 5. K 5)
C2I 0.596(2) 1.038(1) 0.3165(12) 6.8( 6)
C22 0.624(3) 1.201(2) 0.4282(18) 13.0(10)
C23 0.619(3) 1.249(2) 0.3912(21) 16.0(12)
C24 0.438(2) 8.922(1) 0.3168(12) 6.2( 5)
C25 0.325(2) 0.954(2) 0.4303(15) 9.6( 7)
C26
C27
C28
0.316(2)
0,332(2)
0.280(2)
1.041(2)
1.120(1)
1.186(2)
0.5097(17) 
0.2724( 1) 
0.3S72( 9)
11.4( 9)
Estimated 3lundard deviations in the least significant digllj are shown In parentheses
Table 16. Continued.
Atom X V) z 0.02'— — - * --
Pd*
01*
0.0531(1)
1.170(2)
0.5066(1)
0.452(1)
0.13749(9) 
0.2969(13) 14.6(7)
02* 1.272(2) 0.579(2) 0.3067(16) 18.5(9)
03* 1.100(2) 0.753(1) 0.4200(12) 13.3(6)
04* 1.035(2) 0.646(1) 0.4599(13) 15.3(7)
03* 0.594(1) 0.504(1) 0.2356( 9) 0.6(4)
06* 0.597(1) 0.591(1) 0.1I06( 9) 10.0(5)
07* 0.616(2) 0.340(1) 0.1564(12) 13.1(6)
00' 0.725(1) 0.465(1) 0.2629( 9) 9.3(4)
09*
010'
Nl*
0.862(1)
0.049(1)
0.030(1)
O.6200( 9) 
0.7104(11) 
0.3971( 9)
0.2569( 7) 
0.2059(10) 
0.0210( 9) 5.1(4)
H2* 1.030(1) 0.4946(10) 0.1167( 9) 5.4(4)
Cl* 0.730(2) 0.356(1) -0.017(1) 7.0(6)
C2* 0.712(2) 0.277(1) -0.103(1) 6.9(6)
C3* 0.005(2) 0.251(1) -0.130(1) 7.0(6)
C4* 0.916(2) 0.290(1) -0.101(1) 6.6(6)
C5* 0.931(2) 0.370(1) -0.015(1) 6.0(5)
C6* 1.037(2) 0.421(1) 0.036(1) 5.3(5)
C7* 1.142(2) 0.393(1) 0.001(1) 6.9(6)
CO* 1.239(2) 0.450(1) 0.060(1) 6.9(6)
Atom X z B.A2
------ - - - — —
C9* 1.236(2) 0.521(1) 0.139(1) 6.3( 5)
C10* 1.124(2) 0.541(1) 0.166(1) 5.5( 5)
CM* 1.122(2) 0.625(1) 0.255(1) 5.0( 5)
CI2* 1.091(2) 0.586(1) 0.320(1) 0.3( 6 )
C13* 1.101(3) 0.531(2) 0.344(2) 14.1(11)
C14* 1.084(2) 0.682(2) 0.410(2) 11.3( 9)
C15* 1.027(4) 0.746(3) 0.555(3) 19.9(16)
CI6’ 1.000(4) 0.690(3) 0.589(3) 22.2(10)
CI7* 1.259(3) 0.390(3) 0.304(2) 17.6(13)
CIO’ 1.344(3) 0.391(3) 0.255(2) 10.0(14)
CI9* 0.638(2) 0.402(1) 0.026(1) O.0( 6)
C20* 0.604(2) 0.472(1) 0.120(1) 6 .1( 5)
CZI* 0.610(2) 0.547(2) 0.154(1) 9.5( 7)
C22* 0.547(2) 0.671(2) 0.273(2) 10.4( 0)
C23* 0.525(3) 0.631(2) 0.363(2) 12.4( 9)
C24* 0.672(2) 0.421(1) 0.104(1) 7.2( 6)
C25* 0.700(2) 0.422(2) 0.323(2) 12.1( 9)
C26*
C27*
C28*
0.761(4)
0.851(2)
0.042(2)
0.494(3)
0.691(1)
0.774(2)
0.403(3)
0.260(1)
0.360(2)
20.1(16)
Cslimaled slandord deviations In the least significant digit:; are shown In parentheses
angle, which is on the side of the molecule with no 
C-metal bond, is 110.1(5)° and 111°, respectively. This
dramatic bond angle comparison is mirrored by the
Pd-N2-C10 and Pd-Nl-Cl angles in complexes 180, 185b, and 
186, which increased to 131, 131, and 130°, respectively, 
relative to ideal 120°. The angles C4-C5-C6 and C5-C6-C7 
also reflect the dissymmetry being 125° and 122° for 186 
again similar to 185b. The angles in the five-membered 
metallocyclic ring are similar to 185b, except that the
angles for 186 are more ideal than those for 185b. The
Pd-C20-C19 angle for 186 is 107°, for 185b is 106.1(6)°; 
C20-C19-C1 for 186 is 111°, for 185b is 112.1(7)°; and 
C19-C1-N1 for 186 is 116°, for 185b is 114.1(8)°. The 
09-Pd-N2 angle in 186 is distorted to a slightly lesser 
extent at 104.7° than is the Cl-Pd-N2 angle of 185b. The 
pyridine rings are chemically planar having X ^ values 
no greater than 2. The dihedral angle between the plane 
of the pyridine rings averages 2.2°. The contact distance 
between C l 2 and Pd averages 3.66A and the contact 
distance between the methyne hydrogen and 09 averages 
2.56A. The coordinated C12 lies out of Pd-Nl-N2 plane 
by £a. 0.140A while the acetate 09 resides out of this 
plane by ca. 0.028A.
The structure of 184b is shown in Figure 13 and bond 
distances and angles of interest are given in Table 17.
The ligand is nearly symmetrically disposed about the
Figure  13. ORTEP drawing o f  184b.
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Table 17. Bond Distances and Angles for 184b.
Atoms
Pd -N1 
Pd-N2 
Pd-C12 
Pd-C20
01-C13
02-C13
02-C15
03-C14
04-C14
04-C17
05-C21
05-C22
06-C21
07-C24
08-C24 
08-C25 
Nl-Cl 
N1-C5 
N2-C6 
N2-C10 
C1-C2 
C1-C19 
C2-C3 
C3-C4
Atoms
Nl-Pd-N2
Nl-Pd-C12
Nl-Pd-C20
N2-Pd-C12
N2-Pd-C20
C12-Pd-C20
C13-02-C15
C14-04-C17
C21-05-C22
C24-08-C25
Pd-Nl-Cl
Pd-Nl-C5
C1-N1-C5
Pd-N2-C6
Pd-N2-C10
C6-N2-C10
N1-C1-C2
N1-C1-C19
C2-C1-C19
C1-C2-C3
C2-C3-C4
C3-C4-C5
N1-C5-C4
N1-C5-C6
C4-C5-C6
N2-C6-C5
N2-C6-C7
C5-C6-C7
C6-C7-C8
C7-CB-C9
C8-C9-C10
N2-C10-C9
N2-C10-C11
C9-C10-C11
C10-C11-C12
Pd-C12-Cll
Distance (A)
1.983(3)
1.979(4)
2.152(5)
2.141(5)
1.226(6)
1.353(6)
1.470(6)
1.194(6)
1.348(6)
1.455(6)
1.368(6)
1.451(7)
1.175(6
1.236(6)
1.320(6)
1.487(7)
1.334(6)
1.332(6)
1.334(6)
1.328(6)
1.417(7)
1.514(7)
1.345(7)
1.346(7)
Angle (deg.)
79.2(2)
161.6(2)
81.5(2)
82.5(2)
160.5(2)
116.6(2)
117.1(4)
117.6(4)
117.7(5)
117.8 4} 
119.9(3 
116.3(3) 
123.7(4 
117.1(3) 
119.8(3) 
122.8(4 
117.9(4) 
113.2(4) 
128.7(5) 
117.2 5) 
125.8(5) 
115.2(5 
120.1 4)
113.9 4) 
125.9(4 
112.4(4) 
120.9(5) 
126.7(5) 
117.6(5)
119.9 5) 
120.4 5) 
118.4(5) 
113.8(4) 
127.7(5) 
112.0(4) 
103.6(3)
Atoms
C4-C5
C5-C6
C6-C7
C7-C8
C8-C9
C9-C10
C10-C11
C11-C12
C12-C13
C12-C14
C15-C16
C17-C18
C19-C20
C20-C21
C20-C24
C22-C23
C25-C26
N1A-01A
N1A-02A
N1A-03A
015-C15
C15-C25
C15-025
Atoms
Pd-C12-C13
Pd-C12-C14
C11-C12-C13
CU-C12-C14
C13-C12-C14
01-C13-02
01-C13-C12
02-C13-C12
03-C14-04
03-C14-C12
04-C14-C12
02-C15-C16
04-C17-C18 
C1-C19-C20 
Pd-C20-C19 
Pd-C20-C21 
Pd-C20-C24 
C19-C20-C21 
C19-C20-C24 
C21-C20-C24
05-C21-06
05-C21-C20
06-C21-C20
05-C22-C23
07-C24-03
07-C24-C20
08-C24-C20
08-C25-C26 
01A-N1A-02A 
01A-N1A-03A 
02A-N1A-03A 
015-C15-025 
015-C15-C25 
025-C15-C25
Distance (A)
1.412(7)
1.478(7)
1.387(7)
1.410(7)
1.350(7)
1.410(7)
1.505(7)
1.581(7)
1.459(7)
1.452(7)
1.523(8)
1.485(8)
1.534(7)
1.485(7)
1.530(7)
1.468(9)
1.449(9)
1.219(6)
1.186(8)
1.242(7)
1.41(2)
1.24(2)
1.23(2)
Angle (deg.)
100.5(3)
113.7(3)
110.5(4)
113.1(4)
114.2(4
119.2(5)
127.4(5)
113.3(5)
119.2(5)
128.5(5)
112.3(4)
105.9(5)
109.4(5)
112.4(4
105.3(3)
198.4(3)
103.0(3)
115.5(4)
108.0(4)
115.5(4)
121.6(5)
107.5(5)
130.9(5)
108.9(6)
121.5(5)
120.2(5)
118.3(5)
110.0(6)
121.4(7
116.1(7)
122.1(7)
92(2)
129(2)
114(2)
S
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48
92
(7
) 
8.
81
44
6(
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17
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Table 18. Coordinates for 184b.
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metal in the crystal. The Pd-Nl and Pd-N2 bonds have 
shortened to 1.983(3)A and 1.979(4)A, respectively.
The Pd-C12 and Pd-C20 bonds have lengthened slightly over 
what is expected at 2.152(5)A and 2.141(5)A, 
respectively. The pyridine rings exhibit normal bond 
distances but the C1-N1-C5 and C6-N2-C10 bond angles have 
opened significantly from ideal at 123.7(4)° and 
122.8(4)°, respectively. A concomitant bond angle
i
widening occurs at C2-C3-C4 [125.8(5)] but not at C7-C8-C9 
[119.9(5)°]. The Nl-C5-C6-N2-Pd chelate ring angles are 
slightly smaller than those of 180 but are pseudo- 
symmetrical about the ring. C4-C5-C6 and C5-C6-C7 are 
125.9(4)° and 126.7(5)°, respectively, somewhat wider than 
the corresponding angles in the other complexes. The 
opening of these angles occurs across the 2 ,2 1-dipyridine 
linkage to help accomodate the tetradentate coordination. 
The cyclometallated ring angles are normal and the ring 
possesses an envelope shape with each a-pyridyl methylene 
swinging upwards on the same side of the molecular plane. 
The C12-Pd-C20 bond angle is 116.6(2)°; much less than had 
been anticipated from similar angles in other 5*5*5 
tetraamine complexes. ^ 8  ip^e pyridine rings are 
nearly planar having X ^ values of 1 and 3. The 
dihedral angle between the mean planes and the aromatic 
rings is 4.9°. The Pd lies above the best plane of
1 4 4
pyridine ring-Nl by 0.124(1)A and above pyridine ring 
plane-N2 by 0.278(1)A.
Conclusion.
The stepwise bond forming sequence that occurs in the 
preparation of 184a-e is unique because it offers an 
opportunity to examine in detail the structure of each 
intermediate and thus permitting comparision of the 
structural and spectral relationships. The highly 
distorted adduct 180 is formed rapidly and in high yield. 
The ORTEP drawing of the molecule (Fig. 6 , Chapter 4) 
appears to show the ester groups as being unsymmetrically 
placed in the crystal. However, low temperature 
NMR gave only resonances of a symmetrical dipyridine 
region and one ester group. The molecule probably exists 
in solution in a conformational equilibrium that could 
occur by a tetrahedral distortion of the coordination 
sphere as shown below, or by a pseudo-pyramidal flipping
B R  .f?P
C\  /  y R / Cl
Pd. ^  M'J— -Pd.— N? Pd
/ R B  Cl  Cl
R R R R
of the coordination sphere. In either case the initial 
carbanionic approach is facile because there are many 
angles of incidence open and because there are two 
potentially coordinating carbons.
The formation of the second C-metal bond, herein 
described, is more difficult. The 5-5*5-fused tricyclic 
ring system is not unknown but does force a distorted 
stereochemical geometry on the central metal. The ligand 
system must also distort from ideal geometry to accomodate 
the core metal. The crystal structures of the 
mono-metallated complexes 185b and 186 give some insight 
into the problems associated with forming the second 
C-metal bond. The ORTEP drawing of 185b and 186 (Fig. 14) 
(viewed from the side down the N1-N2 vector) shows clearly 
that there are much greater distortions in the 
coordinating plane in the chloro derivative 185b relative 
to 186. These distortions probably arise mainly from the 
greater steric bulk of a chloro substituent compared to 
acetate, which no doubt is greater in spatial volume than 
chloride but the size of the atom directly bound to the 
metal appears to be criticalt Alternately, since the 
chloro ligand has greater size closer to the metal than 
acetate, it generates more steric repulsion with the 
uncoordinated alkyl group.
An interesting point in the transformation of the 
mono- to bis-metallated complexes is that the substitution 
of chloride in 185b by nitrate appears to make formation 
of the second C-metal bond more facile. To further stress 
the point, though mono-metallated 185c was subjected to 
numerous attempts to make bis-metallated 184c, no success
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was attained. However when .1.85c was treated with 
AgNC>3 in a nitrate/chloride exchange and subsequently- 
stirred in warm (50°C) acetonitrile with potassium 
carbonate, the second C-metal bond rapidly formed 
quantitatively! The crystal structure of the intermediate 
nitrate complex has not been completed but the acetate 
ligand in 186 serves as a fair model for the nitrate. The 
formation of bis-metallated complexes could occur by two 
probable pathways: first an intramolecular SN 1 type
process, in which the free anionic ligand affords a 
tricoordinate palladium cationic species that is attacked 
by the carbanionic center to complete the coordination 
sphere. ^ 2  second pathway could be an
intramolecular Sjj2 type process in which the 
uncoordinated carbanion must approach the metal and 
displace the anionic ligand from the coordination sphere.
SN1 Pathw ay
S.,2 Pathw ay 
N
If the Sj^l process is operative then the facile 
reaction of the nitrate relative to chloride might be 
reflective only of the ligandophilicity or donor strength 
of the free anionic ligand. The problem is that the 
isopropyl ester derivative 184c was never isolated from 
the mono-metallated chloro derivative 185c. Since 184c 
has been readily isolated from the mono-metallated nitrate 
derivative, the SN 2 pathway is more favorable.
Inspection of Figure 14 demonstrates that the approach of 
second carbanion is in any case (i.e., Cl or 
acetate/nitrate) sterically demanding. The coordination 
sphere of acetate 186 is much less sterically hindered so 
that the carbanion can more easily approach the core 
metal.
Obviously it is difficult to consider solution 
behavior of molecules by reference to their solid state 
structure. However, reasonable inferences can be made
concerning the relative steric bulk of atoms since that 
parameter is not phase dependent.
No matter how these complexes are formed they again 
demonstrate the ability of atoms and groups of atoms to 
form in geometries that are not "ideal." The 5 ‘5*5-system 
cannot be constructed from standard CPK models; yet, the 
actual molecule is stable and prepared in high yield. The 
relative distortions in the complex are equally 
distributed among the metal and organic framework. The 
palladium atom allows ligand-metal-ligand angles of 
116.6(2), 82.5(2), 81.5(2), and 79.2(2)°. The Pd-Nl and 
Pd-N2 bond distances-shorten slightly from average Pd-N 
distances [Pd-Nl: 1.983(3); Pd-N2: 1.979(4)A;
avg. Pd-N 2.06A] while the Pd-C12 and Pd-C20 bond 
distances lengthen slightly [Pd-C12: 2.152(5); Pd-C20:
2.141(5)A; avg. Pd-C 2.08A]. The pyridine rings bend 
away from each other across the 2 ,2 '-linkage more than 
"normal" 2,2'-dipyridine complexes and the C6-N2-C10 and 
C1-N1-C5 angles of each ring opens slightly from 120° to 
avg. 123.3(4)°. No other bond angles or distances are 
significantly different from "ideal" geometries. 
EXPERIMENTAL SECTION.
General Comments are the same as given in Chapters 2 
and 3.
General Preparation of Ligands 183a-e. A mixture of 
dialkyl malonate (4 eq), 6 ,6 *-b i s (chloromethyl)-2,2 1 - 
dipyridine (1 eq) and anhydrous K 2 CO 3 (3.5 eq) in
pure DMF was stirred at 25°C for 24 hours. The mixture 
was filtered and concentrated ijn vacuo to give a light 
yellow viscous oil, which was passed through a silica pad 
with CH 2 CI 2 , concentrated, and crystallized or 
chromatographed (ThLC) on silica.
Dimethyl a,a'-bis(methoxycarbonyl)[2,2'-dipyridine]-
6 .6 1-dipropanoate (183a) is a white crystalline solid, 
which was recrystallized from CH2C12/C 6H 1 2 :
95%; mp 138-140°C; 1H NMR S 3.50 (d, pyCH2 »
J -7.5Hz, 4 H ), 3.74 (s, CH 3 , 12H), 4.29 (t,
CH(C0 2 Me)2 # J -7. 5Hz, 2 H ), 7.19 (d, 5-pyH, J^=8 Hz,
2 H ), 7.70 (t, 4-pyH, J-=8 Hz, 2 H ), 8.26 (d, 3-pyH, J>=8 Hz,
2H ) ; 13C NMR (CDCI3 ) §35.73 (pyCH2 ), 49.99 
C-CH(C0 2 Me)2 ]» 52.21 (CH3 ), 118.48 (C3),
122.88 (C5), 136.88 (C4), 155.03 (C6 ), 156.43 (C2), 169.48
(C-O) ; IR (KBr) 1735 (C^=0), 1570, 1435, 1280, 1235
cm- 1 ; MS (70eV) m/e 444 (M+ , 23), 385
(M+-C 2 H 3 0 2 , 82), 381
(C2 0 Hi 7 N 2 O6 , 37), 327
(M+-C 4 H 5 04 , 25), 321
(C3 qHj 3 N 2 0 4 , 100); A n a l . Calcd. for
C22H 24®8: 59.45; H, 5.44; N, 6.30. Found:
C, 59.22; H, 5.52; N, 6.26.
Diethyl a,a*-bis(ethoxycarbonyl)[2,2 1-dipyridine]-
6 .6 1-dipropanoate (183b) is a white crystalline solid 
crystallized from C ^ C ^ / C g H ^ : 90%; mp
55— 56 °C; ^  NMR 5 1.22 (t, CH 2 CH3, J^=7.3Hz,
12H), 3.45 (d, pyCH 2, J^=7.7Hz, 4 H ), 4.15 (q,
CH 2 C H 3 , J -7.3Hz, 8 H), 4.22 [t,
CH(C0 2 Et)2 , J -7.7Hz, 4 H ], 7.18 (d, 5-pyH,
J - 7 .7Hz, 2 H ), 7.77 (t, 4-pyH, J^7.7Hz, 2H ), 8.24 (d, 
3-pyH, J - 7 .7Hz, 2 H ); 13C NMR (CDCI3 ) 5 13.78 
(CH2 CH3 ), 35.77 (pyCH2 ), 50.40 
(CH(C02 Et)2 ), 61.04 (CH2 CH3 ), 118.47 (C3),
122.93 (C 5 ), 136.8 (C4), 156.6 (C2), 155.0 (C6 ), 169.09 
(C-O); IR (KBr) 1742, 1726 (C^O), 1584, 1574, 1473 (C-O) 
1447 cm- 1 ; MS (70eV) m/e 500 (M+ , 17), 455 
(M+-C 2H 5 0, 25), 427 (M+-
C 3 H 5 O 2 / 70), 335 (100) ; Anal. Calcd. for 
c 26h 32n 2°8: c ' 62.39; H, 6.44; N, 5.60.
Found; 62.42; H, 6.48; N, 5.43.
Piisopropyl a,a'-bis(isopropoxycarbonyl)[2 ,2 1-dipyr 
idine]- 6 ,6 1-dipropanoate (183c) is a white crystalline 
solid, recrystallized from E t 2 0-pet. ether; 90%; mp 
73-74°C; -^ H NMR 5 1.20 [d, CH(CH3 )2 ,
J-4.1Hz, 24H], 3.47 (d, pyCH2 , J-=7.5Hz, 4 H ), 4.24 [t, 
CH(C0 2 i-pr)2 , J - 7 .5Hz, 2H], 5.04 [sep,
CH(CH3 )2 , J-=6.5Hz , 4H], 7.18 (d, 5-pyH, J^=7.5Hz,
2 H ), 7.69 (t, 4-pyH, J^=7.5Hz, 2 H ), 8.29 (d, 3-pyH,
J— 7.5Hz, 2H ); 13C NMR (CDC13 ) 5 21.39
[CH(CH3 )2], 35.72 (pyCH2 ), 50.72 
[CH(C0 2 i-pr)2 ], 68.47 [CH(CH3 )2], 118.53
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(C3), 122.95 (C 5 ) , 136.69 (C4), 155.00 (C6 ), 156.72 (C2), 
168.67 (C-O) ; IR (K B r ) 1725 (C^=0), 1570, 1270, 1180, 1150 
cm- 1 ; MS (70eV) m/e 556 (M+ , 10), 469, 383, 349,
263, 209 (100), 43 (C3 H 7+ , 72); A n a l . Calcd. 
for C 3 oH4 oN 2 0 8 : C, 64.73; H, 7.24; N,
5.03. Found: C, 64.81; H, 7.11; N, 5.02.
Pit-butyl a,a'-bis(t-butoxycarbonyl)[2 ,2 1-dipyr- 
idine]- 6 ,6 1-dipropanoate (183d) is a white crystalline 
solid, recrystallized from CHCl 3 /CgH 3 2 (1:9):
90%; mp 109-110°C; 1H NMR 5 1.40 [s, C(CH3 )3 ,
36H], 3.39 (d, pyCH2 , J=7.9Hz, 4 H ), 4.13 [t,
CH(C0 2 t-bu)2 , J - 7 .9Hz, 2H], 7.17 (d, 5-pyH,
J-7. 3Hz, 2H), 7.65 (t, 4-pyH, J-=7.9Hz, 2H), 8.34 (d,
3-pyH, J - 7 .9Hz, 2 H ); 13C NMR (CDC13 ) 527.49
[C(CH3 )3 ], 35.87 (pyCH2 ), 52.15 
[CH(C02 t-bu)2], 80.75 [C(CH3 )3 ], 118.39
(C 3 ), 122.83 (C 5 ), 136.47 (C4), 154.81 (C6 ), 156.94 (C2), 
168.30 (C-O); IR (KBr) 2975 (C-H), 1720 (b, str., C-O); MS 
(70eV) m/e 612 (M+ , 5), 343 (61), 281 (51), 209 (57),
57 ( C ^ g  *", 100) ; A n a l . Calcd. for 
c 34h 48n 2°8: c ' 6 6 *6 4 ? H » 7.90; N, 4.57.
Found: C, 66.46; H, 7.60; N, 4.46.
Dibenzyl a,a 1-bis(benzyloxycarbonyl)[2,2 1-dipyri- 
dine]- 6 ,6 ‘-dipropanoate (183e) is a white crystalline 
solid, recrystallized from CHCl 3 /CgHi2 : 85%; mp
87-88°C; ^  NMR 5 3.54 (d, pyCH2 , J^=7.3Hz, 4 H ),
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4.45 [t, CH(C0 2 bz)2 , J=7.6Hz, 2H], 5.14 (m,
OCH 2 0, 8 H ), 7.12 (d, 5-pyH, J^=7.9Hz, 2 H ), 7.26 (m, 
c 6 H 5 , 20 H ), 7.52 (t, 4-pyH, Ch=7.9Hz, 2 H ) , 8.20 (d,
3-pyH, J - 7 .9Hz, 2 H ); 13C NMR (CDCI3 ) 5 35.84
(pyCH2 ), 50.40 [CH(C02 bz)2 ], 67.06 
(OCH2 C 6 H 5 ), 118.78 (C 3 ), 123.01 (C5),
127.94-128.41 (phenyl C2,3,4,5,6), 135.37 (phenyl Cl),
137.01 (C 4 ) , 155.09 (C6 ), 156.34 (C2), 169.09 (C-=0); IR 
(KBr) 1740, 1720 (C-=0); MS (70eV) m/e 108 (87), 91 (70),
79 (100), 77 (74); A n a l . Calcd. for 
c 46h 40n 2°8: c ' 73.78; H, 5.38; N, 3.74.
Found: C, 73.79; H, 5.42; N, 3.54.
General Preparation of cis-Dipyridine Palladium 
Complexes 184a-e and 185a-e.
Method A . A solution of Na or KOR (2.5 eq), in 
absolute alcohol was added dropwise to an anhydrous THF 
solution of PdCl 2 (PhCN ) 2 or N a 2 PdCl4  (1.0
eq) and the ligand (1.0 eq). The mixture was stirred for 
24 hours at 25°C, concentrated In vacuo to give the crude 
complex, which was recrystallized or chromatographed (ThLC 
on silica, HPLC) to afford the pure complex.
Method B . A mixture of N a 2 PdCl4  or PdCl 2 
(1.5 eq) and the ligand (1.0 eq) in anhydrous MeCN was 
stirred for 1 hour at 50°C. Anhydrous K 2 C 0 3  (3.0 
eq) was added and the reaction mixture stirred for 24 
hours at 55°C under a nitrogen atmosphere. AgNC>3 (2
eq) was added and the mixture stirred for 2 hours at 55°C. 
The heterogeneous mixture was filtered through celite, 
concentrated, the crude product was passed through silica 
(eluting C H 2 CI 2 ) an<3 concentrated dui vacuo to give 
the product which was recrystallized or chromatographed 
(ThLC on silica, HPLC).
<[2,2 1-Dipyridine]- 6 ,6 1-diylbis[1,1-bis(methoxy- 
carbonyl)-2,l-ethanediyl]-C,C',N,N'>palladium (184a) was 
prepared by Method A, and recrystallized from CHCI 3 /
C 6 Hi 2 to give a yellow powder: (48%); mp 178-
182°C (dec); 1H NMR S 3.77 (s, OCH 3 , 12H), 4.02
(s, pyCH 2 1 4 H ), 7.50 (d, 5-pyH, J^=8.0Hz, 2 H ), 7.62 (d,
3-pyH, J- 8 . 0Hz, 2 H ), 7.89 (t, 4-pyH, J-= 8.0Hz, 2 H ) ; IR
(KBr) 1730 (C^O), 1290, 1190, 1065 cm- 1 ; MS (70eV) m/e
548 (M+ , 5), 547 (M+-1, 5), 351, 325, 321, 293
(100 ) ; A n a l . Calcd. for C22H 22N 2°8P<^ :
48.15; H, 4.04; N, 5.10. Found: C, 48.48; H, 4.25; N, 
4.79.
<[2,2 1-Dipyridine]- 6 ,6 1-diylbis[1,1-bis(ethoxy- 
carbonyl)-2,l-ethanediyl]-C,C’,N,N'>palladium (184b) was 
prepared by Method A and recrystallized from CgHg/
E t 2 0  to afford (25%) yellow crystalline needles. The 
complex was also prepared by Method B and recrystallized 
from CH 2 CI 2 /C 6 H 1 2  to give yellow crystal­
line needles identical in all respects to the complex, 
prepared by Method A: (90%); mp 220-222°C (dec, in air);
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!h NMR (CD2 C1 2 ) 5 1.21 (t, -CH 2 CH3 ,
J - 7 .2Hz, 12H), 3.90 (s, pyCH2 , 4 H ), 4.14 (m,
CH 2 CH 3 , 8 H ), 7.49 (d, 5-pyH, J-=7.8Hz, 2H ), 7.64 
(d, 3-pyH, J-7.8HZ, 2 H ) , 7.91 (t, 4-pyH, J-=7.8Hz, 2 H ) ; IR 
(KBr) 1730 (C-=0), 1603, 1570, 1474, 1446 cm- 1 ; MS 
(70eV) m/e 606 [M+ (l0 8 Pd), 2.4], 603 [M+
(!05pd), 2.0], 561 and 558 (M+-C 2 H 5 0,
1.2), 205 (100); Anal. Calcd. for 
<“268 30t^ 2®88c^ : 51.62; H, 5.00; N, 4.63.
Found: C, 51.65; H, 5.05; N, 4.60.
<[2,2*-Dipyridine]- 6 ,6 1-diylbisCl,1-bis(1-methyl- 
ethoxycarbonyl)-2,l-ethanediyl]-C,C',N,N1>palladium (184c) 
was prepared by Method B and recrystallized from 
C H 2 C 1 2 /cgHj2 to afford (70%) yellow 
crystals: mp 130-140°C (dec); *H NMR 5 1.02, 1.13
[2d, (CH3a )(CH3 B )CH, J- 6 .2, 6.2Hz, 24H],
3.88 (s , pyCH2 , 4 H ), 4.94 (sep, CH, J-6.2HZ, 4 H ), 7.46 
(dd, 5-pyH, J-5.5, 3.6Hz, 2 H ), 7.89 (dd, 3-pyH, J-5.5, 
3.6Hz, 2H), 8.00 (t, 4-pyH, J^5.5Hz, 2 H ); IR (KBr) 1725 
(C^=0), 1380, 1365 cm- 1 .
Chloro<2-ethoxy-l-(ethoxycarbonyl)-!-[[6 1-[3-ethoxy- 
2-(ethoxycarbonyl)-3-oxopropyl][2,2'-dipyridine]-6 -yl]- 
methyl]-2-oxoethyl-C,N,N‘>palladium (185b) was prepared by 
Method B without added AgN0 3 and recrystallized from 
C 6H 12/Pe t * ether or chromatographed on silica gel 
eluting with CgHg to give (90%) a yellow powder:
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mp 187-189°C (dec); XH NMR (CD2 C1 2 ) 5 1.18 (t, 
ch 2 cH 3 , J - 7 .3Hz, 6 H ), 1.26 (t, CH 2 CH3 ,
J - 7 .3Hz, 6H ), 3.59 (s, pyCH2 , 2H ), 3.93 (d, 
pyCH 2 CH, J -7.8H z , 2 H ), 4.11 [dq,
CH(C0 2 CH 2 CH3 )2 , J-7.1, l.OHz, 4H], 4.15 
[dq, PdC(C0 2 CH 2 CH3 )2 , J-7.1, 0.73Hz, 4H],
4.25, 4.29 (2d, pyCH 2 CH, J^8.5, 8.5Hz, 1H), 7.39 (dd,
5 1 -pyH , J- 6 . 4, 2.7Hz, 1H ), 7.54 (dd, 5-pyH, J-=7.81, 
l.OHz, 1H), 7.77 (dd, 3-pyH, J-=7.6, l.OHz, 1H), 7.90 (dd,
3 1 -pyH, J-5.9, 1.5Hz, 1H), 7.91 (t, 4-pyH, J^=7.9Hz, 1H), 
7.96 (t, 4 1 -pyH, J^=8.0Hz, 1 H ) ; IR (KBr) 1728 (C-0), 1604, 
1573, 1473, 1445 cm- -*-; A n a l . Calcd. for 
c 26H 31N 2°8Pdcl: c * 50.91; H, 5.09, N,
4.57. Found; C, 50.81; H, 4.95; N, 4.40.
Acetato<2-ethoxy-l-(ethoxycarbonyl ) - ! - [ [ 6  *-[3-ethoxy- 
2-(ehtoxycarbonyl)-3-oxopropyl][2,2'-dipyridine]- 6 -yl]- 
methyl]-2-oxoethyl-C,N,N'>palladium (186). To a solution 
of 185b (25mg) in MeCN was added excess AgOAc and the 
mixture stirred for 2 hours at 25°C. The mixture was 
filtered (celite) and concentrated in vacuo to dryness to 
afford a yellow powder which was recrystallized from 
CH 2 C l 2 /CgHj 2 to give 186, as yellow micro­
needles; 95%; mp 194-197°C (dec); *H NMR 5 1.18 (t, 
CH 2 CH 3 , J - 7 .1Hz, 6 H ), 1.36 (t, CH 2 CH3 ,
J - 7 .1Hz, 6 H ), 1.96 (s, COCH3 , 3 H ), 3.33 (d, pyCH2 ,
J- 8 .0Hz, 2 H ), 3.65 (s, pyCH2 , 2 H ), 4.12 (dq,
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CS.2CH3' 3.0Hz , 4 H ), 4.20 (dq,
CH 2 Ch 3 . J - 7 .3, 3.0Hz, 4 H ), 4.44 (t, CH 2 CH,
J- 8 . 0Hz, 1H), 7.02 (dd, 5 ‘ -pyH, J-=6.1, 1.4Hz, 1H), 7.28
(dd, 5-pyH, J=7.2, 1.6Hz, 1 H ), 7.80 (t, 4-pyH, J^7.2Hz,
1H), 7.97 (dd, 3-pyH, J^=7.2, 1.6Hz, 1 H ), 7.99 (t, 4 1 -pyH,
J-7 . 9Hz, 1H), 8.21 (dd, 3 1-pyH, J^=7.9, 1.4Hz, 1 H ) ; IR
(KBr) 1730, 1630, 1320 cm- 1 .
Chloro<2-(1-methylethoxy)-1-((1-methylethoxy)- 
carbonyl)-l-[[6 1-[3-(1-methylethoxy)-2-((1-methylethoxy) 
carbonyl)-3-oxopropyl][2,2 1-dipyridine]- 6 -yl]methyl]- 
2-oxoethyl-C,N,N,>palladium (185c) was prepared by Method 
B without added A g N 0 3 , chromatographed on silica 
eluting with EtOAc/CgH-j^ (1 :1 ) and recrystallized 
from C H 2 CI 2 /CgH -^2 to give (80%) yellow 
needles: mp 177-179°C (dec); 1H NMR §1.15, 1.19 [2d,
(CS.3) 2Ch ' J- 6 .6 , 6 .6Hz, 12H], 1.29, 1.33 [2d,
(CH3 )2 CH, J - 6 .6 , 6.3Hz, 12H], 3.58 (s,
pyCH2, 2 H ), 3.95 (d, pyCH2, J-=8.3Hz, 2 H ), 4.34
[t, pyCS^CH, J-8.3HZ, 1H] 4.97 [sep,
(CS.3) 2C h ' J“ 6 . 6 Hz, 2H], 5.11 [sep,
(CH3 )CH', J- 6 . 3Hz, 2H], 7.36 (dd, 5-pyH, J-=3.7,
1.8Hz, 1H), 7.50 (d, 5'-pyH, J-7.8HZ, 1 H ), 7.77 (d,
3'-pyH, J- 8 .3Hz, 1 H ), 7.91 (m, 3,4,4'-pyH, 3 H ) 7 IR (KBr)
2980, 1720, 1695, 1660, 1280, 1100 cm- 1 ; MS (m/e) 661 
(M+-35, 12), 496 (M+-C 3H 7 OPdCl, 40), 467 
(M+- C 4 H 8 0 2 PdCl, 73), 349
(M+-C 1 0 H 1 4 PdCl, 62), 313 
(c 17h 17n 2°4+ / 100), 264 
(C^gH22N 2°2' ^ )  ’ Anal • Calcd. for 
(-30^39^20)8^c1<-1 : C, 51.66; H, 5.64; N, .
4.02. Found; C, 51.09; H, 5.49; N, 3.94.
Chloro<2-(1,1-dimethylethoxy)-l-((1,1-dimethyl- 
ethoxy ) carbonyl )-!-[ [ 6  1-[3-(1,1-dimethylethoxy)-2-((1,1- 
dimethylethoxy)carbonyl)-3-oxopropyl][2,2'-dipyridine]- 
6-yl]methyl]-2-oxoethyl-C,N,N'>palladium (185d) was 
prepared by Method B without added AgN 0 3 » 
chromatographed (ThLC) on silica with EtOAc/CgH-^ 
and recrystallized from (1 :1 )
to give (60%) yellow micro needles: mp 170-172°C (dec); 
XH NMR 5 1.39 (s, C(CH3 )^, 18H), 1.52 (s,
C(CH3 )3 , 18H), 3.54 (s, pyCH2 ', 2 H ), 3.94 (d, 
pyCH 9 , J- 8 . 5Hz, 2H ), 4.29 (t, pyCH 2 CH, J-=7.3Hz,
1H), 7.38 (dd, 5-pyH, J-6.1, 2.4Hz, 1H), 7.49 (d, 5 1-pyH, 
J-7. 9Hz, 1H), 7.72 (d, 3 '-pyH, J^=7.9Hz, 1H ) , 7.86 (m,
3,4,4'-pyH, 3H); IR (CHC13 ) 2920, 1690 (C^=0), 1560,
1270 cm“ l; MS (m/e) 254 (77), 253 (89), 209 (100), 91 
(CgH7 N + , 71); A n a l . Calcd. for 
c 34H 47N 2°8Pdcl ,H20: c > 52.93; H,
6.40; N, 3.63. Found; C, 52.78; H, 5.95; N, 3.95.
<[2,2*-Dipyridine]- 6 ,6 '-diylbis(1,1-bis(benzyloxy- 
carbonyl)-2,l-ethanediyl]-C,C 1 ,N,N1>palladium (184e) was 
prepared by Method B and recrystallized from
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CH 2 CI 2 /C 5 H 2 2  to give (90%) yellow micro 
needles: mp 160-179°C (dec); *H NMR §4.03 (s,
pyCH2 , 4 H ), 5.10 (d, PhCHA , J^14Hz, 4 H ) , 5.50 (d,
PhCHg, J-14Hz, 4 H ), 7.28 (m, ArH, 20H), 7.39 (d,
5-pyH, J- 8 . 0Hz, 1 H ), 7.68 (d, 3-pyH, J^=8.0Hz, 1H), 7.88 
(t, 4-pyH, J- 8 . 0Hz, 1 H ) ; IR (CHCI3 ) 2980, 1705 (OO), 
1590, 1145 cm- 1 ; MS (m/e) 108 (C7H qO+ ,
51), 107 (C7H 7 0+, 45), 91 (C7 H ?+,
100), 79 (C5H 5 N+, 65), 77 (C6 H 5+,
42) .
Table 19.
Formula
C ry sta l Data fo r  180, 184b, 
185b 185
PdClC26H31N208 PdC28H34N2010
185b and 186
180
MC12C26H32N2°8
184b
PcUC22H30N2°8^
KN03 SEtOAc
Formula Weight 641.4 665.0 677.8 750.1
Crystal System Monoclinic Triclinic Monoclinic Monoclinic
Space Group P2j/c PI P2j/n C2/c
a (A) 18.909(3) 11.996(3) 12.246(2) 20.161(4)
b (A) 8.900(1) 16.402(6) 19.644(3) 17.991(4)
c (A) 16.684(3) 17.214(5) 12.340(2) 17.995(2)
a (deg.) - 116.62(3) - -
B (deg.) 94.86(1) 95.05(2) 97.56(1) 109.16(2)
y(deg.) - 94.54(3) - -
V (A3) 2798(1) 2989(4) 2943(2) 6166(4)
Z (formulas/cell) 4 4 4 8
Dc (g/cm3) 1.523 1.477 1.530 1.616
JlMoKalcm"1) 8.00 6.66 8.51 7.92
Crystal Size (urn) 0.20x0.40x0.56 0.08x0.42x0.48 0.36x48x0.60 0.08x0.08x0.24
Color orange yellow orange yellow
Temperature ( C) 25 23 26 23
Theta limits (deg.) 2<0<25 K8<20 K8<22 K0<2O
Scan speeds (deg.min.-3) 0.33-10.0 0.60-20.0 0.45-5.0 0.31-4.0
Precision Is50o(I) I=20o(I) I=50o(I) ls25o(I)
Min. Transmission 
Coefficient {%) 94.81 88.73 89.30 _
Unique Data 4910 5554 3756 2869
Observed Data 3573 2452 3084 1897
Criterion for Observed I >3cx ( I ) I>3o(I) I >2ct (I) I>2o(I)
Refined Variables 343 379 352 183
R 0.031 0.061 0.030 0.074
Rw 0.046 0.068 0.046 0.083
Residual Density (eA ) 0.75 0.35 0.23 0.85
Chapter 6
Introduction.
All the systems previously discussed herein were 
composed of a five-membered metallocyclic ring. It became 
of interest to attempt to prepare a complex possessing a 
six-membered metallocyclic ring.
The five-membered cyclic core has been a common 
denominator in the vast majority of cyclometallated 
complexes, thus instilling support to the "five-membered 
ring theory" advanced by Matsuda et a l . ^ - 3 4  T h e  
rationale for enhanced stability imparted by a 
five-membered ring is based on the necessity for such 
complexes to possess a ligand-metal-carbon bond angle 
(9) of £a. 90°. While this simple premise appears to 
have general validity, it by no means precludes other 
stable multimembered cyclometallated rings. Considerable 
distortions from idealized coordination geometry can occur 
in palladium complexes without undue losses in complex 
stability or metal-ligand bond character.
To date, few cyclometallated complexes containing a 
six-membered ring with an N-donor have been 
reported,*35 Q f these only three possess both pyridine 
and sp2 (aromatic) C-donor atoms^30 an<j five 
possess a N-donor and an sp3 c-donor atom.^37 The 
latter were unstable in solution and until now no crystal 
structures, or other compelling spectroscopic evidence of
161
formulation has been presented. The synthesis, spectral 
correlations, and first structure proof of a 
cyclopalladated complex containing pyridine and sp  ^
C-metal bond in a six-membered chelate ring will be 
given.
@9
(V*
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Several stable cyclopalladated complexes, e.g. 159 
and ^5,30 have been discussed. Since each of these 
complexes conforms to the five-membered ring theory, the 
related six-membered ring homologs will afford timely 
insight into the geometrical and chemical aspects as well 
as stability relationships. To this end the homologous 
complex 188 has been prepared by the procedure shown in 
Scheme 10.
Synthesis.
Ligand 187 was prepared (70%) by Michael addition of 
dimethyl sodiomalonate to 2 -vinylpyridine and 
characterized [ NMR] by the triplet at S3.38 for the 
methine proton and multiplets at S2.76 and 2.28 for the a- 
and jQ-hydrogens, respectively. The NMR data
further endorse structure 187. Complex 188 was prepared
(80%) by initial N-complexation; then upon abstraction of 
the acidic hydrogens with anhydrous K 2 C 0 3
cyclometallation occurred. Recrystallization of 188 from
Scheme 10. S y n th es is  o f  187 and 188.
a C H 2 (C02 CH 3 )2 > NaOMe, MeOH, reflux,
12 h r s . b PdCl 2 /LiCl, CH 3 CN, RT, 6 hrs. c 
K 2 C03 , 55°C, 24 hrs.
CH 2 C 1 2 :C0 H 1 2  afforded yellow crystals, 
which were characterized by NMR via loss of the 
triplet at 5 3.38 and typical heteroaromatic proton shifts 
caused by coordination.^
Results and Discussion.
Interestingly in 188, both (singlets at 5 2.75 
and 3.26) and -^C [spikes are at 5 173.7 and 175.9 
(C-O) as well as 549.6 and 50.5 (OMe)] NMR spectra show 
the presence of two different methoxycarbonyl groups, 
which are indicative of conformational stability in the
six-membered ring, placing one ester group in a pseudo- 
axial and the other in a pseudoequatorial position. Ring 
flipping does not occur upon warming (>110°C) as evidenced 
by. -*-H NMR temperature independence. The n m r
spectral data, which are indicative of subtle structural 
and electronic changes, for both 35 (X-CH;
R-CO 2 CH 3 ) and 188, are strikingly similar except 
for C2 (§171.8 and 162.8, respectively) and C-Pd (§53.6 
and 45.6, respectively). -*-38 The relatively small 
downfield shift for C2 in 188 compared to 3j> is because of 
diminished, but similar, angular strain (-CH2 -C-N;
0- 116° and 114°, respectively). Also the upfield shift 
for C-Pd in 188 is the result of reduced C-C-Pd angle 
strain (108°) as compared to 3j5 (100°). These results 
correlate well with the X-ray data, which show that the 
bond angles within 188 are much closer to ideal, with 
respect to both the six-membered ring and favorable 
palladium(ll) geometry than are those found in 3 5 .
In order to determine the salient bond angles, bond 
distances, and interatomic distances, a single crystal 
X-ray analysis of 188 was undertaken. Final coordinates 
are listed in Table 21; important distances and angles are 
given in Table 20.
The central Pd atom in 188 is a-bonded to two carbon 
atoms and coordinated by two pyridine nitrogens 
corroborating the net overall square-planar
trans-configuration and nearly C 2 symmetry (Figure 
15). The pyridine rings are tipped by 62.9° (avg.) out of 
the coordination plane, as compared to 31.5° in 35.30 
In both 35^  and 188, the alkyl bridges swing upwards on the 
same side of the mean coordination plane. Palladium and 
the coordinating atoms [N(l,2); C(8,10)] form an 
approximate plane with displacements less than 
±0.2A, with the metal atom nearly in the best 
plane. Neither the Pd-N (avg. 2.038A) nor Pd-C (avg. 
2.181A) bond lengths are unusual; all are similar to 
those found in analogous five-membered ring 
c o m p l e x e s . 30 Intraannular N-Pd-C angles average 
84.2°, over 4° larger than those found in 3^. The pyridine 
rings are planar and exhibit normal angles and bond 
distances. The six-membered cyclic ring, however, adopts a 
twist boat conformation.
The six-membered palladacycle 188 is different from 
previous examples in that it has two (rather than one) 
trans six-membered cyclometallated rings and most were 
acetate or halobridged dimers. It thus appears that 
the original assumption, that metal ions preferring 
square-planar geometry favor five-membered rings, is 
unnecessarily limiting. Six-membered rings can readily 
accomodate the square-planar central metal; in fact, when 
compared with analogous five-membered ring complexes no 
unusual or unfavorable geometries or interactions can be
F ig u re  15. ORTEP drawing o f  188.
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Table 20. Bond Angles and Distances in Complex 18B.
Atoms Anqle(*) Atoms Anqle(*)
Nl-Pd-N2 171.4(3) C7-C8-C10 113.6(8)
Nl-Pd-C8 84.5(3) C9-C8-C10 116.1(9)
Nl-Pd-C20 96.4(3) 01-C9-02 120.3(9)
N2-Pd-C8 97.1(3) 01-C9-C8 124.8(8)
N2-Pd-C20 83.9(3) 02-C9-C8 114.8(8)
C8-Pd-C20 168.2(3) O3-C10-O4 120.1(9)
C9-02-C11 115.8(8) O3-C10-C8 129.4(10)
C10-04-C12 116.4(8) 04-C10-CB 110.5(9)
C21-06-C23 116.1(8) N2-C13-C14 122.3(10)
C22-08-C24 116.3(8) C13-C14-C15 117.3(11)
Pd-Nl-Cl 119.3(6) C14-C15-C16 120.5(10)
Pd-Nl-CS 120.3(6) C15-C16-C17 120.8(11)
C1-N1-C5 120.2(8) N2-C17-C16 119.5(10)
Pd-H2-C13 120.3(7) N2-C17-C18 116.3(9)
Pd-N2-C17 119.7(6) C16-C17-C18 124.0(10)
C13-N2-C17 119.6(8) C17-C18-C19 114.4(9)
N1-C1-C2 122.1(9) C18-C19-C20 116.3(8)
C1-C2-C3 117.9(10) Pd-C20-C19 107.4(6)
C2-C3-C4 119.5(9) Pd-C20-C21 103.1(7)
C3-C4-C5 120.1(9) Pd-C20-C22 107.5(6)
N1-C5-C4 120.2(9) C19-C20-C21 112.2(8)
N1-C5-C6 116.0(7) C19-C20-C22 112.0(8)
C4-C5-C6 123.6(8) C21-C20-C22 113.9(8)
C5-C6-C7 111.0(8) 05-C21-06 122.1(9)
C6-C7-C8 115.6(8) 05-C21-C20 124.1(11)
Pd-C8-C7 109.9(6) 06-C21-C20 113.6(9)
Pd-CB-C9 100.1(6) 07-C22-08 121.8(8)
Pd-CB-CIO 103.8(6) 07-C22-C20 126.7(9)
C7-C8-C9 111.9(8) O8-C22-C20 111.5(8)
Atoms Distance (A) Atoms Distance (A)
Pd-Sl 2.038(7) N2-C17 1.352(12)
Pd-N2 2.037(7) C1-C2 1.388(13)
Pd-C8 2.190(9) C2-C3 1.377(15)
Pd-C20 2.172(9) C3-C4 1.376(14)
01-C9 1.213(10) C4-C5 1.378(12)
02-C9 1.367(11) C5-C6 1.480(13)
02-C11 1.444(12) C6-C7 1.553(13)
O3-C10 1.204(11) C7-C8 1.535(12)
O4-C10 1.355(11) C8-C9 1.479(12)
04-C12 1.443(11) C8-C10 1.471(12)
05-C21 1.230(11) C13-C14 1.393(13)
06-C21 1.336(12) C14-C15 1.370(15)
06-C23 1.446(12) C15-C16 1.369(14)
07-C22 1.203(11) C16-C17 1.379(13)
08-C22 1.367(11) C17-C18 1.445(14)
08-C24 1.432(11) C18-C19 1.536(13)
Nl-Cl 1.335(11) C19-C20 1.550(13)
N1-C5 1.340(10) C20-C21 1.486(12)
N2-C13 1.359(12) C20-C22 1.485(12)
Table 21. Coordinates for 188.
nto« X 9 z
Pd 0.1090615) 0.12248(2) 0.10449(4)
01 -0.0472(3) 0.2394(2) 0.1973(5)
02 0.1076(6) 0.2471(1) 0.0054(6)
03 -0.0049(5) 0.1036(2) -0.1375(5)
04 -0.0409(3) 0.0960(2) -0.0922(4)
OS 0.5730(5) 0.0069(1) 0.2201(5)
06 0.4913(6) 0.1554(2) 0.3203(5)
07 0.4350(6) 0.0024(2) 0.5135(4)
OS 0.2548(5) 0.0257(2) 0.4201(4)
lit 0.1290(5) 0.1406(2) 0.3445(5)
H2 0.2677(5) 0.1150(2) 0.0312(4)
Cl 0.2096( 7) 0.1742(3) 0.4354(6)
C2 0.t694( 7) 0.1915(3) 0.5410(7)
C3 0.0429( 9) 0.1729(3) 0.5517(6)
C4 -0.03O7( 7) 0.1304(2) 0.4571(7)
cs 0.0054( 7) 0.1234(3) 0.3524(6)
C6 -0.0O23( 7) 0.0920(3) 0.2392(6)
C7 -0.I29G( 7) n. iriMc.i n.|lonrp)
Rtom X 9 r
CO -0.01!?( 7) 0.1593(3) 0.0700(6)
C9 0.01041 7) 0.2170(3) 0.1253(5)
CIO -0.0197( 0) 0.1504(2) -0.0506(7)
Cll 0.1437(11) 0.3010(3) 0.1431(0)
C12 -0.0491( 9) 0.0003(2) -0.2210(0)
CI3 0.3OO6( 7) 0.1614(3) -0.0227(6)
CI4 0.372O( 9) 0.1500(3) -0.1191(7)
CIS 0.3969( 7) 0.1054(4) -0.1601(6)
CIO 0.3579( 9) 0.0507(3) -0.1050(0)
CI7 0.2947( 0) 0.0635(3) -0.0001(6)
CIO 0.2635( 0) 0.0164(3) 0.0629(7)
CI9 0.35I3( 7) 0.0140(2) 0.2050(6)
C20 0.3664( 7) 0.0690(3) 0.2824(6)
C2I 0.40041 7) 0.1033(3) 0.2737(G)
C22 0.3613( 7) 0.0609(3) 0.4169(7)
C23 0.5943( 9) 0.1920(3) 0.2959(8)
C24 0.23941 9) 0.0143(4) 0.5453(6)
K'jMiwilniJ stnndurd dov-lnl Inn ; In Un> Innsl slnnlUciml digits urn Shorn In imr-nlli.r
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found. Further, 188 is prepared by identical reaction 
conditions and in similar yields to the five-membered ring 
counterpart.
EXPERIMENTAL SECTION.
2[1,1-Bis(methoxycarbonyl)propyl]pyridine (187). A 
solution of NaOMe (1.5eq) in MeOH was added dropwise to a 
stirred solution of 2 -vinylpyridine (leq) and dimethyl 
malonate (3eq.) in anhydrous MeOH. The solution was 
refluxed for 12 hours. After cooling, the mixture was 
neutralized, concentrated in vacuo and dissolved in 
CHCI 3 . The organic extract was washed with water and 
satd. aqueous NaCl solution, dried over MgS 0 4 , and 
concentrated iui vacuo to give a dark brown oil, which was 
distilled iui vacuo (Kugelrohr) to afford the desired 
ligand 187, as an oil: bp 110-115°C (1mm); NMR
S 2.28 (q, CH 2 CH 2 CH, 0 7 . 5 H z ,  2 H ), 2.76 (t, 
pyCH 2 , J-=7. 5Hz, 2 H ) , 3.38 (t, CH 2 CH, 0 7 . 5 H z ,  1H),
3.64 (s, OCH 3 , 6 H ), 7.10 (dd, 3,5-pyH, 0 7 . 5 ,  7.5Hz,
2H), 7.55 (t, 4-pyH, 0 7 . 5 H z ,  1H), 8.53 (dd, 6 -pyH, 0 7 . 5 ,  
l.OHz, 1H); 13C NMR S 28.17(CH2C H ), 35.27 (pyCH2  
50.82 [CH(C0 2 Me)2 ], 52.23 (OMe), 121.30 (C3),
122.90 (C 5 ), 136.40 (C4), 149.36 (C6 ), 160.34 (C2),
169. 67 (C -0) ; IR (neat) 1740(00), 1595, 1440 cm- 1 ; MS 
m/e 237(M+ , 0.2), 206(M+- OMe, 8 ), 178 
(M+-C0 2 Me, 20), 174 
(M+-C2H 70 2 ,27), 118
(M+-C4H 1 5 04» 27.3), 106 
(C7H 7 N+, 67.0), 93 (C6H 6 N+, 100);
Anal. Calcd. for C i 2 H i5 N 0 4.: C, 60.75; H,
6.37; N, 5.90. Found: C, 60.52; H, 6.30; N, 6.00.
trans-Bis[2-(1,1-bis <methoxycarbonyl>propyl)- 
pyridine]palladium(II) (188). To a stirring mixture of 
2 -[l,1 -b i s (methoxycarbonyl)propyl]pyridine (lmmol) and 
anhydrous K 2 CO 3 (500mg) in MeCN (20mL) at 50°C, 
solution of L i 2 PdCl 4  (0.5mmol) in warm MeCN (30mL) 
was added, followed by stirring at 50°C under a N 2 
atmosphere for 20 hrs. The heterogeneous mixture was 
filtered and then concentrated in vacuo to give the crude 
complex, which was recrystallized from 
CHCl 3 /MeOH/EtOAc to afford (90%) the yellow 
crystalline product 188: mp 155°C (dec); NMR
82.04-2.58 (m, CHCH2 # 4 H ), 2.75, 3.26 (2s, CH3 ,
6 Hea), 3.07-3.79 (m, pyCH2 , 4 H ), 7.11-7.40 (m,
3, 5-pyH, 4H), 7.74 (t, 4-pyH, J^=7.9Hz, 2 H ) , 8.91 (ddd,
6 -pyH, J - 5 .7, 1.5, l.OHz, 2 H ); 13C NMR 8  28.6
(PdCCH 2 ), 42.4 (pyCH2 ), 45.6 (PdC), 49.6 Sc
50.5 (CH3 ), 121.5 (C 5 ), 122.3 (C3), 137.6 (C4), 151.3
(C6 ) , 162.8 (C2) , 173.7 & 175.9 (Cb=0); IR (Csl) 1690
(C-=0), 1610, 1485, 1430 cm- 1 ; MS m/e 434
(M+-C 6 H 8 04 , 1), 342
(M+-C 1 2 H 1 4 N04 , 2), 236
(M+-Ci 2 H l4 No 4 P(3 * 1); A n a l . Calcd. for
1 7 1
C 24H 28N 2°8Pd: c ' 49.80; H, 4.88; N, 4.84.
Found; C, 49.58; H, 4.90; N, 4.67.
Crystal data are; Pd ( 2^ 1 4 ^ 4 ) 2 » MW 
- 578.9, monoclinic group P2jyn , Z - 4, a - 10.022(2),. 
b ■= 23.820(4), c ■= 10.808(2)A, J3 •= 107.20(2)°, dc ■= 
1.560 g cm- 3, /i(MoKa ) - 7.900 cm- ^; R-0.035.
Of 3410 unique data measured, 1909 had I > 3a (I), 
and were used in the refinement.
Chapter 7
Introduction.
Development of new methods for studying the nature of 
metal-to-ligand bonding is of current interest.
NMR chemical shift changes and X-ray single crystal 
structure investigations have been described on a series 
of C-palladium complexes so as to understand their 
stereochemistry. In this Chapter a systematic -^^ C NMR 
study of a variety of diamagnetic square planar 
palladium(II) complexes with pyridine-, pyrazine-, 
dipyridine- and phenanthroline-based ligands is offered. 
The cis-organometallic complexes with polyfunctionalized 
dipyridine ligands are of utmost importance because of 
their pronounced DNA' activity^. Pyridine and 
pyrazine ligands were chosen because they form the related 
trans complexes.
The -^c chemical shift in these complexes is 
dependent on three major terms: diamagnetic shielding,
paramagnetic shielding, and an anisotropic term; of these, 
it can be shown that the paramagnetic term contributes 
most significantly to the chemical shift.*40 13c
NMR data are of particular interest in organometallics 
because of the noted defiance of substituent additivity 
rules,141 which have been well documented for a series 
of organic molecules. Some researchers have shown that a 
metal d-orbital, non-bonded shielding term may contribute
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substantially to the normal bonding interactions, as 
reflected by the chemical shift.*42 This term is 
sensitive to the metal-ligand atom separation and may be 
responsible for the lack of consistent additivity effects. 
In light of these hypotheses, the "strain-effects" on 
chemical shift data, instilled by slight 
structural changes in the microenvironment, of 
cyclometallated rings in a closely related series of 
palladium complexes was studied.
The electron density of the palladium(II) ion may 
introduce an important effect ("electronic effect") on the 
carbon atoms in the chelate and coordinated heteroaromatic 
rings. The chemical shifts are interpreted in
terms of the strain and/or electronic effects. Since the 
absolute values of chemical shifts are dependent
on numerous factors and vary considerably among the 
different ligands, the ligand to complex difference in 
chemical shift ( A S was chosen as a
reasonable measure of the structural and electronic 
alterations upon complexation.
Spectral Assignments.
In all compounds, herein described, the sp^ 
carbons are easily assigned from the multiplicity 
information gained via either off-resonance or preferably 
by NOE (Nuclear Overhauser Effect) enhanced non-decoupled 
carbon spectra. The only ambiguities arising from carbon
resonance multiplicities are for ethyl esters (where the 
a -heteroaryl and ester methylenes are both three line 
signals), bridging methylenes in 191, and, of course, the 
unsubstituted heteroaromatic carbons. The former two 
problems are readily resolved on the basis of simple 
chemical shift. For example, the a-heteroaryl methylene 
resonance occurs at higher field ( § 32-43 ppm) than the 
ester methylene ( 8  50-52 p p m ) . The bridging methylenes of 
191 are distinguished, since upon complexation the 
a-heteroaryl carbon is shifted by AS 17.1 ppm whereas the 
isolated methylene is shifted by only AS0.4 ppm. The 
aromatic carbon resonances are more difficult to assign 
and will be considered in detail later. The carbonyl 
carbons always occur farthest downfield and are typified 
by diminished signal intensity. Multiplicity change for 
the coordinating carbon from a two- to a one-line signal 
is particularly helpful in its assignment even though the 
signal intensity is sacrificed by the loss of NOE.
Assignment of the pyridine and pyrazine carbon 
resonances in 189a-f, 190a,b, & 191 can be made by 
comparison with literature a s s i g n m e n t s * - ^  f o r  related 
analogs. Some difficulties occurred in the C3 & C5 
assignments for 189a-c; however, confirmation is deduced 
via methyl substitution at C5 in 189c, thus providing a 
steric shift for this carbon signal. Selective single 
frequency decoupling with NOE was required to designate
*1
Table 22. ^^C-NMR Spectral Data of Square Planar Trans-Palladated Ccnplexos 
of Pyridine- and Pyrazine- based Liganda.
189
Pd
190
CciTpd. C-2(2') C-3(3*) C—4(4*) C-5 C- 6 P O aj2 pah c/m RinQ-CH}
189a (XKHjRj-R^-R^)
171.8
[157.0]
1 2 0 .6
[122.7]
138.0
[135.7]
1 2 1 .2
[1 2 1.0 ]
151.7
[148.6]
173.7
[168.8]
43.1
[35.7]
51.0
[51.7]
53.6
[49.9]
189b O K H e i R ^ ^ j t i )
171.0
[157.3]
1 2 1 .2
[124.3]
149.8
[147.4]
1 2 2 .2
[1 2 2.6 ]
150.8
[149.0]
173.8
[169.6]
42.8
[36.3]
50.8
[52.5]
53.1
[50.7]
2 1 .1
[2 0 .8 ]
189c (X^H;Rj*R3^i;R=Me)
168.0
[154.5]
119.7
[1 2 2.8 ]
138.3
[136.8]
130.4
[130.0]
151.2
[149.5]
173.4
[169.5]
42.1
[36.0]
50.3
[52.4]
52.9
[50.9]
17.5
[17.9]
189d
166.5
[153.1]
143.1
[144.7]
143.2
[142.3]
144.4
[143.4]
172.6
[168.7]
40.5
[33.2]
51.2
[52.2]
54.6
[49.7]
1B9« (X-N;R1>Me;R2>«3>tl)
165.0
[152.3]
154.5
[151.3]
142.2
[141.2]
142.6
[140.6]
173.1
[169.3]
40.2
[32.5]
51.3
[52.2]
52.6
[48.6]
23.3
[2 1 .1]
189f (X^:R1-R2-H;R3>(te)
162.8
[151.4]
141.9
[143.3]
152.6
[149.8]
144.0
[143.3]
173.0
[168.9]
40.0
[32.9]
51.1
[52.3]
54.3
[50.1]
21.3
[20.7]
190a (XKHjRKDjfte)
169.6
(151.0)
[156.3]
[149.8]
117.8
(123.6)
[120.7] 
[123.6]
138.0
(137.0)
[136.2]
[135.7]
172.1
[169.1]
42.8
[35.6]
50.6
[51.8]
51.0
[49.7]
* v jcr?
Table 22. (Continued).
Corpd. C-2(2’) C-3(3') C-4(4') C-5 C- 6  (XI CH? OCH-, C/CH.
165.8 140.3 (137.6) 172.0 40.8 50.9 51.6
190b (X44jR*X>^1e) (151.1) (124.1)
[152.1] [142.3] [(135.7)] [168.9] [32.9] [52.2] [49.4]
[149.8] [123.6]
191 (IfcODjHe) 162.8 122.3 137.6 121.5 151.3 175.9/173.7 42.4/28.6 50.5/49.6 45.6
[160.3] [122.9] [136.4] [121.3] [149.4] [169.7] [35.3/28.2] [52.2] [50.8]
R lng-O h
[] designate the corresponding ligands.
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Table 23. 13c-t«R Spectral Data of Square Planar Cia-Palladated Ccrplexee
192
Corpd. C-2(2‘) C-3(3*) C-4(4*) C-5(5') C-6 (6 *)
CM)
(C'-O)
ch2
(C'H,)
och2
(OC'H,)
0*3
(C'Hx)
C/CH
(C1)
Ring CH3
192a (R-R'r-H) 157.3 
[155.8]
122.5
[120.7]
139.3
[136.4]
125.8
[123.3]
151.6
[148.8]
-----
192b (MlrR'tto) 156.5 122.5 139.3 125.8 151.6 
(157.3) (119.8) (140.0) (128.9) (166.8) 
[156.0] [120.5] [136.1] [122.9] [148.5]
[(155.0)][(117.5)][(136.4)][(122.6)][(157.2)]
(28.3)
[(24.1)]
192c (R-R'*to) 157.2 
[155.8]
119.6
[117.9]
139.6
[136.7]
127.0
[1 2 2.8 ]
165.8
[157.6]
27.2
[24.4]
(R-R’-OljCHCCOjEt^) 157.1 
[156.6]
121.7
[118.5]
140.9
[136.8]
127.2
[122.9]
164.8
[155.0]
168.0
[169.1]
36.9
[35.8]
61.6
[61.0]
13.8
[13.8]
52.0
[50.4]
----
193a (MX^ttR'^l) 155.2 
(152.5)
[155.1]
[156.1]
121.9
(118.5) 
[1 2 1.1]
[118.5]
139.6
(138.6)
[136.6] 
[137.1]
126.7
(123.1) 
[123.5]
[123.2]
150.3
(171.4)
[148.9]
[156.9]
174.1
[169.3]
47.5
[35.9]
60.7
[61.2]
14.5
[13.9]
46.4
[50.6]
----
193b (R-COjEtiR'^te) 154.8
(153.0)
[155.1] 
[156.4]
119.4
(118.6)
[117.6]
[118.2]
139.0
(138.6)
[136.3]
[136.5]
128.0
(1 2 2.0 )
[1 2 2.6 ]
[1 2 2.6 ]
164.1
(169.3)
[157.2]
[155.1]
173.5
[168.9]
47.5
[35.6]
60.4
[60.8]
14.2
[13.6]
46.7
[50.2]
26.7
[24.0]
K-*>
■VJI
7 
7 
a> 
a
Table 23. Cbnfcinued
C O  CHj OCH2 ch3 C/CH
Ccrpd. C~2(2*) C-3(3‘) C-4(4') C-5(5‘) C-6 (6 ') (C'O) (C'H?) (0C'H7) (C'H-Q (C*)
155.6 120.8 139.5 128.9 162.8 168.3 36.5 61.1 13.8 52.9
193c (R-CHjCHKDjEtljjR'OOjEt) (152.9) (119.2) (139.0) (122.3) (169.2) (173.6) (47.6) (60.4) (14.2) (45.4)
[156.6] [118.5] [136.8] [122.9] [155.0] [169.1] [35.8] [61.0] [13.8] [50.4]
^ fV-n
155.4 121.6 138.9 126.4 153.1 174.8
194 (ROOjMe) [155.8] [120.7] [136.4] [123.3] [148.8] [166.2]
50.9*
[51.2]
52.4
[39.9]§
194
152.5 118.6 138.6 122.5 169.6
195 (R-COjEt) [156.6] [118.5] [136.8] [122.9] [155.0]
173.8
[169.1]
48.0
[35.8]
59.3 14.3
[61.0] [13.8]
47.4
[50.4]
[] designates the corresponding ligands. *Methyl ester. *
195
Ring CH3
^4
co
Table 24. *3c-J«R Spectral Data of Square Planar Cis-Palladated Ccnplexes 
of Fhen thro line-based Ligands.___________________
Ctrpd. C-10a(in») C-4a(4b) C4(7) C-3(8) C-2(9) O O  (M? C-5(6) a ,
196a (Ml)
196b (R-tte)
196c (R^HjOlCOOiMa] 147.9 128.6 139.6 127.3 166.2 168.6 36.9 126.7 52.6
[145.5] [127.4] [136.3] [123.3] [158.1] [170.0] [37.2] [125.8] [52.4]
197 (frCOtfe) 146.0 129.3 137.8 125.2 153.2 174.9 126.9 50.9*
[145.7] [128.2] [135.5] [122.5] [149.8] [166.2] [126.0] [51.2]
198 (RKXMe) 1 4 6 .5 128.4 138.2 128.2 164.3 169.8 36.5 126.6 52.3
(143.4) (127.2) (137.1) (122.0) (168.7) (174.4) (48.5) (125.8) (51.9)
[145.5] [127.4] [136.3] [123.3] [158.1] [170.0] [37.2] [125.8] [52.4]
C/CH
51.5
[50.7]
52.8
[39.9]
52.7
(45.1)
[50.7]
[] designates corresponding ligands. *Methyl ester. § <H2.
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the closely spaced heteroaromatic signals in 189d-f 7 
whereas, the signals from simple dipyridines 192a-c, & 194 
were assigned by first-order spectral comparisons. The 
corresponding ligand designations were previously 
discussed. The spectral pattern for unsymmetrical complex 
192b was assigned by a composite of data from 192a & £.
Complexes containing a single C-metal bond in the 
dipyridine series gave spectra which were difficult to 
assign because of their innate dissymmetry. However, 192d, 
193c, & 195 were compared and assigned in a manner 
identical to that described above for 192a-c. Complexes 
192d & 195 gave a simple five-line spectrum for the 
heteroaromatic carbons, while 193c exhibited a ten-line 
pattern, which was an exact superposition of 192d & 1 9 5 . 
Spectra for 193a & b were subsequently assigned by 
analogy.
The phenanthroline complexes 196a & b posed a special 
spectral problem owing to their insolubility in most NMR 
solvents. Assignments were completed on only the more 
soluble complexes 196c, 197, & 19 8 . The heteroaromatic 
atoms for the l i g a n d s ^ - 2 9  w e re previously assigned and 
the above comparative procedures were used for the 
corresponding complexes. INEPT and selective single 
frequency decoupling with NOE experiments further insured 
the proper peak assignments.
Results.
The trans-C-metallated complexes (189a-191) can be 
divided into two general categories; (a) those possessing 
two isolated rings (e.g. 189 & 191), and (b) those having 
two cumulated metallocyclic rings (e.g. 190). However 
inspection of Table 22 reveals almost identical 13^ 
chemical shift differences for either c^clometallated ring 
system. Upon C-metal bond formation, the a-heteroaryl 
methylene is shifted downfield by A 8 6.1-7.9 ppm for all 
trans complexes. The coordinated-carbon in 189a- 190b 
shifts downfield to a lesser extent A81.3-4.9 ppm; 
whereas 191 exhibits an exception to this trend by having 
an upfield shift of A  55.2 ppm. The rationale for this 
apparent anomaly will be dealt with in the discussion 
section. The remaining metallocyclic ring carbons, which 
are also part of a heteroaromatic nucleus as in 189a- 190b, 
show the largest A 8 C2"*'^ c values of about 13 ppm; 
complex 191 is again the exception. Interestingly in the 
unsubstituted ligands 190a & b, the A 8  C 2 ' ^ C  is 
only about 1 ppm, indicative that cyclometallation plays 
an important role in the large chemical shifts for C2. As 
for the other heteroaromatic carbons in these 
trans-complexes 189 & 190, the chemical shifts of C3 are 
upfield, - A S  2 ppm (except 189e), C4 and C 6  are 
downfield, and C5 is essentially unchanged. Complex 191 
is again an exception to these trends.
182
Tables 23 and 24 compile the l^C chemical shifts 
for the related cis-ligands and their complexes.
Complexes 192a-d, 194, 196c, and 197 do not contain a
C-metal bond but show similar A S  *^C values for the
heteroaromatic carbons. Position C 6 1 for 192b-d and 196c
is shifted markedly downfield by 8-10ppm. (Standard 
numbering for phenanthroline does not correlate with 
dipyridine thus related positions appear in the 
appropriate column). In all complexes, C3 and C5 are 
shifted downfield with C 5 1 notably (_> 4 ppm) affected in 
192b-d, and 196c, similarly C4 experienced this downfield 
shift by A S  2-4 ppm. C2 is shifted downfield 2.4 ppm 
in 192a-d, 194, 196c, and 197. Alkyl substituents on 
these complexes show small to negligible shifts.
Complexes 193a-c, 195, and 198 are strictly analogous 
to their trans counterparts, in that they contain at least 
one cyclometallated moiety. For these complexes the 
a -heteroaryl methylene carbon in the chelate ring has a 
large downfield shift ( A S  11.3-12.2 ppm), likewise in 
direction yet approximately double in magnitude to the 
trans analogs; whereas, the coordinated carbon is shifted 
upfield by A S  3.0-5 . 6  ppm. The heteroaromatic C 6 1, 
analogous to C2 in the trans series, has A S  14 ppm (avg) 
downfield, while C2' is shifted slightly upfield by 
3.4 ppm (avg) and C2 for 193a-c & 198 is constant. In the 
non-metallated side in 193a-c, signals for C3 and C5 are
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shifted downfield by average values of AS 1*7 and 4.9, 
while there is no significant change in C 3 1 and C 5 1 
(chelated side) in 193a-c or none in C3-C5 in 195. C4 is 
shifted downfield (A S  2-4 ppm) in all cis complexes.
Discussion.
The task is to attempt to account for the various 
13C values for these complexes. Two general terms 
to account for the chemical shifts encountered upon 
coordination and subsequent cyclometallation have been 
chosen. The "strain effect" will be used to describe bond 
angle perturbations. The term "electronic effect" will be 
used to describe purely electron density changes that 
influence the chemical shift.
Single crystal X-ray analysis has been completed on 
many of these complexes and thus bond angle deviations are 
known, at least, in the solid state. Bonding distances 
(Table 24) may also be of interest in correlating these 
data.
The coordinated carbon in these molecules gives 
different A S ^ C  for trans vs cis complexes despite 
the fact that all complexes, except 191, have 5-membered 
rings, possess identical substitution at the coordinated 
carbon, and are bound to palladium(II). Inspection of the 
X-ray data reveals a subtle, but notable, structural 
difference between the trans and cis complexes at this 
site. The average C-C-Pd bond angle (0) for the trans
complexes is 100°, and for cis averages 106° (see Table 
24) . Interestingly, the -^C chemical shift of the 
identically substituted coordinated carbons vary 
drastically between cyclic and acyclic complexes.145 
Thus, stereochemical and strain energy differences must 
have considerable impact on the chemical shift, which is 
also dependent on the metal-ligand substitution pattern. 
Generally chemical shifts for sp^ carbons
coordinated to palladium(II) range from 90-10 ppm when the 
secondary ligand ranges in ligandophilicity from 
phosphorus to pyridine. 1 ^ 6  gy restricting the 
complexes structural modifications to a narrow range, 
the gross electronic effects on the A S  -^C values 
have been minimized. Thus, electronic effects per se 
appear to play a negligible role since the A S  
values are unaffected dramatically by either changing the 
cis substituents (e.g. C in 195 or Cl^  in 193c) or the 
"trans effect". Further, the coordinated carbon 
A S  13C values for trans- 191 and cis- 195 are nearly 
equal and © for 191 is 107°, which is larger than that 
found in other trans complexes by virtue of the 6 -membered 
chelate ring. This bond angle is also similar to that 
found in the cis complexes. The a-heteroaryl methylene 
in the trans series has a nearly ideal C-CH 2 -C bond 
angle of -110°, while cis complexes are ca. 112°. Thus 
for the cis complexes the larger downfield shift is
directly related with increased bond angle. Again the 
electronic effects cannot be assessed because of the 
similarity in both cis and trans complexes.
Large A S  values for heteroaromatic C2 and C 6  
positions were noted for the trans and cis complexes, 
respectively. Both the cis and trans complexes average 
114° for the N-C-CH 2 bond angle, and 191 gives 
A 5 13c of only - 2  ppm for this mutual carbon and the 
N-C-CH 2 bond angle of 116° is closer to ideal (120°).
Bond angle strain at C 6 can be shown to affect the 
chemical shift in the non-cyclometallated examples. 
Comparison of C 6  in complexes 192a-d, and 196c shows that 
when the bond angle and other geometric deviations take 
place, AS^^C increases. Complex 192a has nearly 
ideal geometry (i.e., square planar metal geometry, planar 
dipyridine moiety) and has relatively small A 5 l^C for 
all heteroaryl carbons. The subtle deviations can be 
assigned to purely electronic effects; however, when 
steric problems result in severe geometric deviations as 
in complexes 192c,d, and 196c, large A S  ^^C values are 
noted - especially at C 6 . H 2
The other heteroaromatic carbons, while consistent in 
both the trans and cis series, are not correlated as well 
with the structural data. No particular angle deviations 
can be found in comparing the trans vs cis pyridine ring 
geometries. It appears that the A S  C 4 *^c i-s ^ e
most reliable value when assessing the electronic effects 
upon coordination regardless of the particular geometry. 
This had been shown much earlier by Lavalle et a l . ^ 7  
and Peterson et al.^-48 their study of Fe, Rh, Ru, 
and Co pyridine complexes. Chemical shifts for C3 and C5 
while showing similar trends in the trans or cis series do 
not demonstrate systematic bond angle deviations in the 
X-ray structural data. The A S at C3 and C5 in 
192d of nearly 3 and 5 ppm, respectively, would indicate 
some large resonance effects from the substituted ethyl 
group at C 6 . The shifts are comparable in magnitude to 
those found for 2 - (amino or methoxy)-substituted 
pyridines.149 The effect may be associated with 
distortions found at C 6 for 192d in the solid 
state. ^ -*-2 vtfhen 192d is converted to 195 the 
A 5 13C at C3 and C5 vanishes indicating a nearly 
negligible substituent effect for the group a C 6 in 195. 
X-ray data show that 192d possesses large out-of-plane 
distortions of C 6 (relative to a trigonal plane about C 6 ) 
and the pyridine ring itself. The X-ray structures of 
192d and 193c shown similar distortions with regard to the 
uncoordinated side of 193c. The Pd-N-C 6  angle in 193c and 
192d is about 130°.
The pyridine nitrogen does not face the Pd "head on" 
when no carbon-metal bond is present. In complex 195, the 
X-ray data show some out of trigonal plane distortion
about pyridine C 6 , the heteroaromatic ring is still planar 
and both pyridine rings face the palladium in a nearly 
"head on" orientation (avg. Pd-N-C2: 116.7; Pd-N-C6 :
119.9°). The large substituent effects in 192d are 
relieved upon cyclometallation, as in 195, by the 
accompanying relief of distortion.
Conclusions.
Relating -^C data to "steric" and "electronic 
effects" in bi- and tridentate alkylamine complexes is 
precedented. 150 These authors-*-^ present evidence 
that carbons in a five-membered chelate ring resonate at 
lower field than those of a six-membered homolog because 
the bond angles and lengths in a five-membered chelate 
ring are very close to "ideal" values. The carbons within 
a six-membered chelate then resonate at higher field 
because of steric pertubations associated with non-ideal 
bond angle distortions. Evidence has been presented 
herein that:
• the bond angles and lengths for cyclometallated 
six-membered rings are much closer to ideal than the 
related five-membered chelates yet some of the 
six-membered chelate carbons still resonate at higher 
field than their five-membered counterparts;
• the stereochemistry of the chelate ring is the 
most important factor in determining the change in
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Table 25. Bond Angles and Distances used in Correlation Calculations.
a 0 Y 5 C-Pd
189c 79.9(1) 100.3(2) 1 1 0 .6 (2 ) 114.6(2) 2.148(3)
190a 81.8(1) 102.8(3) 111.1(4) 114.5(4) 2.140(5)
193a 83.5(1) 105.9(2) 113.0(2) 113.4(3) 2.083(3)
193c 82.6(1) 106.1(2) 112.1(7) 114.1(8) 2.089(9)
195 82.0(5) 104.5(8) 1 1 2 .2 (2 ) 113.5(3) 2.147(6)
198 82.1(3) 105.6(9) 111.9(9) 1 1 2 .6 (8 ) 2.089(10)
191 84.2(3) 108.6(13) 112.7(17) 116.1(2) 2.181(9)
190
chemical shift as has been suggested in other 
systems; and
• not all five- and six-membered chelates will show 
similar stereochemical distortions.
Pyridine ring 13C chemical shifts have been shown 
to correlate with calculated (CNDO) electron densities and 
Harnett substituent constants.140 rp-^e correlation of 
A 5 l3c and chemical shift or bond angle for several 
related pairs of data points is shown in Figure 16. A 
good linear fit (r-0.91) was found for the chemical shift 
of the coordinated carbon vs. angle especially when 
complexes 191 and 198 were omitted from the regression 
calculation (r-0.99). C-metal distance vs. chemical shift 
data failed to give a reasonable correlation.
EXPERIMENTAL SECTION.
13c NMR spectra were determined on either a 
Bruker WP-200 or IBM Bruker NR-80 spectrometer using 
CDCI 3 as solvent, except where noted, with CHCI 3 , 
as the internal standard. Tris(2,4-pentanedione)chromium 
(III) c o m p l e x ^ S O  was added to some of the samples so 
as to decrease the relaxation time (especially the
quaternary c a r b o n s ) 350 #
The following pure complexes were characterized, 
analyzed, and furnished by Dr. V. K. Gupta from our 
laboratories:
189a; mp 189-191°C ( d e c ) . 30
189b: mp 158-161° C (dec).30
189c: mp 89-91°C (dec).
189d: mp 89-91°C (dec) . 3 0
189e: mp 51-52 °C (dec).30
189f: mp 85-86°C (dec) . 5 0
190b: mp 125-130° C (dec); Anal. Calcd. for
c 21H 23N 3°8Pd; c ' 47.21; H, 4.20; N, 7.61.
Found: C, 47.62; H, 4.34; N, 7.58.
193a: mp 183-186°C (dec); A n a l . Calcd. for
c 18H 19N 2°4Pdcl: c ' 46.08; H, 4.08; N f
5.97. Found: C, 45.97; H, 4.38; N, 5.49.
193b: mp 219-221°C (dec); Anal. Calcd. for
c l9H 21N 2°4PdC1: c * 47.22; H, 4.38; N,
5.80. Found: C, 46.94; H, 4.70; N, 5.74.
194: mp 185-190°C (dec) . 1 5 1
197: mp 200-205°C (dec ) . 1 5 1
190a: mp 140-150°C (dec) was supplied by Dr. D
Kohli from our laboratories.^9
The following pure complexes were characterized 
analyzed and furnished by G. E. Kiefer from our 
laboratories:
196c: mp 210-212°C (dec); A n a l . Calcd. for
c 24H 24N 2°8Pdcl2 : c » 44.64; H, 3.75;
N, 4.34. Found: C, 44.39; H, 3.92; N, 4.29.
192
198; mp 120-122°C (dec) ; A n a l . Calcd. for
c 24H 23N 2°8Pdcl: C ' 4  7 *2 4 * H ' 3.96; N,
4.59. Found: C, 47 .11; H, 4.01; N, 4.52.
The following pure complexes were characterized and 
analyzed as previously discussed:
191: mp 155-160°C (dec); Chapter 6 .
192a: Chapter 4.
192b: Chapter 4.
192c: Chapter 4.
192d: Chapter 4.
193c: Chapter 5.
195: Chapter 5.
Conclusions.
The purpose of the research herein described was to 
develop and study pyridine containing molecular systems 
which were capable of forming stable metallocyclic 
complexes. The initial problems were: (1) what kind of
sp^ carbon could best coordinate a transition metal to 
form a stable complex, and (2 ) how could this potentially 
coordinating carbon be melded with a properly oriented 
pyridine ring? These problems were easily solved by the 
formation of the trans complexes 159a-e. This early work 
aroused interest in comparing various spectroscopic, 
structural, and chemical characteristics of a cis analog 
to the trans complexes. The design of the cis analog was 
quickly envisioned as a simple insertion of a second 
pyridine ring between an a-pyridyl methylene-pyridine bond 
of the trans complexes but the synthetic realization of 
this cis system was quite challenging.
First, a practical synthesis of the tetradentate 
ligand had to be developed. Existing methods for 
preparing 6 ,6 '-difunctionalized-2 ,2 '-dipyridines were not 
suitable because of the quantities of cis- complexes 
necessary for various studies. The synthetic methods that 
were developed evolved from a laborious seven-step 
procedure to a consistent four-step method that was also 
amenable to large scale reactions. The two essential 
steps in the procedure are the coupling of 2 -bromo- 6 -
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picoline to 6 ,6 1-dimethyl-2, 2 1-dipyridine (50% yield) and 
the unexpectedly facile free radical chlorination of the 
dipyridine derivative.
Second, the major synthetic challenge was to form the 
desired bis-cyclometallated system 1 8 4 . Again, though 
184a & e could be formed (50%) by classical methods (i.e. 
alkoxide/alcohol in ethereal solvent), the other complexes 
184b-d could not be prepared in this manner; rather mono- 
cyclometallated 185b-d were isolated. The method that was 
developed utilized a heterogeneous base (K2 CO 3 ) in 
coordinating solvent (e.g. MeCN), which afforded the 
desired 184b & c (ca. 90%) when a stoichiometric amount of 
AgN 0 3  was included. The function of the AgN 0 3  is 
not known with certainty, but since AgCl is precipitated 
the second cyclometallation step probably takes place on a 
Pd-N 0 3  intermediate. The conformational consequences 
of CI-NO 3 exchange have been studied in the solid 
state via acetate model 186, and it is clear that drastic 
geometric distortions in the chloro intermediate 185b are 
relieved by acetate exchange. A supposition is that 
particular geometries become available for C-Pd bond 
formation in 186 that are not accessible in 185. One 
could argue that steric crowding in 185 could accelerate 
cyclometallation because of steric relief; however, this 
was not observed 1 Whatever the course, the high yield 
synthesis of these organometallics has been accomplished.
The •'•H NMR studies of both the trans and cis 
complexes were useful for monitoring the formation of the 
complexes (collapse of the a-methylene doublet to a 
singlet) and for studying the effects of coordination/ 
cyclometallation ( A 8 for the a-methylene and hetero­
aromatic hydrogens). The interesting phenomenon of the 
ester methylene hydrogens residing in different stereo­
chemical environments is most likely an example of 
dissymmetry imparted by the enantiotopic faces of a 
prochiral center132  ^ since this is the only mode of 
dissymmetry common to both trans 159b and cis 184b.
The 13C NMR studies are especially enlightening 
since good correlations were found between the solid state 
geometries and the solution chemical shift data. This 
type of correlation must be highly restricted to rigid 
systems and to NMR active nuclei having little 
susceptibility to solvent shifts. These studies
are among the first to apply and compare A5 -^C values 
on a series of organometallics so as to understand and/or 
predict the effect of cyclometallation.
Unfortunately, little work has been done with infra­
red studies of either Pd-N or Pd-C vibrational frequencies 
in the infrared spectrum (see Table 1). The problems 
associated with IR studies of these bonds (low intensity, 
low wavenumber, and broad bands) are duly noted but the 
advanced infrared instrumentation of today can overcome
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these difficulties. UV studies of metallocycles have also 
been shunned mainly because most of these complexes 
exhibit large charge transfer bands which make fine 
structure analysis impossible. However, use of second 
derivative UV instrumentation may help to make UV  study 
more practical.
X-ray single crystal studies have revealed some 
interesting geometrical distortions in both the ligand 
framework and the core metal. Deviations from idealized 
geometry in the central metal noted early in the simple 
dipyridine palladium complexes 174, 180, and 181 were 
useful in the final preparation of the cis-184b & c . The 
extreme steric repulsions of the chloro ligand in 185c 
were relieved upon Cl-NOg exchange, hence X-ray 
analysis was useful from a synthetic standpoint directing 
a reaction that might not otherwise have been attempted.
The other aspects of the usefulness of single crystal 
structural determination are in knowing the amount of ring 
strain incurred by a ligand system when cyclizing on a 
metal center and in determining the approximate size 
requirements of a potential ligand in order to 
cyclometallate. Thus the long held view that five- 
membered rings are favored in cyclometallation because the 
angle strain are least for this system has been 
challenged. The six-membered metallocycle 188 exhibits 
"normal" bond angles about the metal-containing ring where
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in most cases the bond angles are more "ideal" than 
analogous five-membered complexes.
A question that still remains is: what factors allow
a system to form stable C-metal bonds? The myriad of 
cyclometallated complexes reviewed in Chapter 1 
demonstrates that predicting the ability of a ligand to 
cyclometallate would be at the very least difficult.
Carbons in both sp^ and sp^ hybridization states 
and aryl and alkyl coordinate a metal. Carbons having 
none, one, and two substituents other than hydrogen have 
been cyclometallated and these substituents have been both 
electronegative and electron releasing. The factor to be 
addressed is the relative stability of each type of 
complex. This factor has not been, and may be, difficult 
to define. Until now the complexes were considered 
"stable" if they could be detected and reasonably 
characterized by spectroscopic methods. What is needed is 
a relative ranking of stability. Nonetheless these 
empirical observations can be made: (1 ) steric bulk about 
the metallocyclic ring and/or on the core metal 
coordination sphere can contribute to complex stability,
(2 ) four-, five-, six-, and seven-membered rings are known 
in cyclometallated complexes with five-membered most 
common, and (3) the precious metals are best known for 
cyclo-organometallic formation.
A wealth of study remains to be done on the type of 
organometallics herein presented ranging from chemical 
reactivity, use as catalyst in hydrogenation, hydroform- 
alation, isomerization, and C-C bond formation. The 
practical aspects of these complexes may become important 
in energy lean years of the future as they may be able to 
lessen dependance on high energy chemical processes.
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